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FOREWORD 


The  research  reported  herein  was  conducted  by  Southwest  Research 
Institute,  San  Antonio,  Texas,  under  Contract  DAAG29-81-K-0049.  The 
report  summarizes  work  accomplished  during  the  period  July  1981  through 
May  1984.  Drs.  John  Hurt,  John  Bailey,  and  Iqbal  Ahmad  were  the  ARO 
Program  Managers.  The  work  was  conducted  under  the  general  supervision 
of  Dr.  Gerald  R.  Leverant,  SwRI  Project  Manager,  with  assistance  from 
Mr.  John  E.  Hack  and  Dr.  Richard  A.  Page.  Special  acknowledgement  is 
due  Drs.  Robert  Sherman  and  Kwai  S.  Chan  who  assisted  with  the  Auger 
electron  spectroscopy  and  fracture  mechanics  analysis,  respectively. 

The  technical  support  of  Messrs.  Harold  Saldana,  Kyle  Short  and  Victor 
Aaron  are  also  greatly  appreciated. 


SUMMARY 


The  reinforcement  of  metal  matrices  with  high  strength  and  high 
modulus  synthetic  fibers  to  produce  a  hybrid  material  possessing  attractive 
structural  properties  is  not  a  new  concept.  The  combination  of  recently 
developed  high  strength  and  modulus  ceramic  fibers  with  lightweight,  duc¬ 
tile  metal  matrices  (principally  magnesium  and  aluminum)  has  spurred  re¬ 
newed  interest  in  the  potential  of  these  materials  for  applications  re¬ 
quiring  high  specific  strength  and  stiffness,  toughness,  and  fatigue  re¬ 
sistance.  Implementation  of  advanced  metal  matrix  composite  materials  in 
structural  applications  has  always  suffered,  however,  due  to  a  lack  of  a 
quantitative  relationship  between  microstructure  and  mechanical  behavior. 

Although  a  greal  deal  of  work  has  been  performed  on  fracture  mech¬ 
anisms  in  metal  matrix  composites,  the  results  to  date  have  been  quite 
contradictory  in  nature.  The  inconsistencies  arise  from  the  complex  inter¬ 
action  of  the  fiber/matrix  interfacial  region  with  various  applied  states 
of  stress.  In  addition,  the  presence  of  the  fiber/matrix  interface  in 
these  composites  introduces  several  mechanisms  of  crack  propagation  in 
addition  to  those  observed  in  monolithic  materials.  Also,  standard  metal¬ 
lurgical  techniques  for  modifying  the  properties  of  the  matrix  material 
(i . e. ,  alloying,  heat  treatment,  deformation  processing,  etc.)  affect  the 
metallurgical  structure  and  properties  of  the  interfacial  region  as  well. 
Thus,  the  effects  of  processing  variables  on  composite  behavior  through 
microstructural  changes  in  the  matrix  are  difficult  to  separate  from  the 
effects  of  those  variables  on  the  fiber/matrix  interface. 

This  report  summarizes  the  results  of  a  program  which  was  initiated 
to  overcome  these  difficulties  by  developing  quantitative  relationships 
between  matrix  microstructure,  composition  and  properties,  fiber  orientation 
and  volume  percent,  and  fatigue  crack  growth  behavior  in  these  materials 
through  direct  observations  of  the  effects  of  these  variables  on  the  strain 
field  at  the  tip  of  a  growing  crack.  The  overall  program  is  aimed  at 


determining  the  local  sequence  of  events  at  the  tip  of  a  fatigue  crack 
(i.e.,  matrix  failure  vs.  fiber  failure  vs.  interfacial  decohesion)  and 
the  critical  strain  accumulation  required  for  these  events  to  occur. 

However,  very  little  data  exist  on  the  relationships  between  microstructure 
and  crack  growth  resistance  in  metal  matrix  composites.  Thus,  the  efforts 
to  date  have  concentrated  on  the  characterization  of  the  tensile  and  fatigue 
behavior  of  A1203  fiber  reinforced  Mg  alloys.  In  particular,  the  influences 
of  fiber  fraction,  fiber  orientation,  alloy  content  and  loading  conditions 
were  investigated. 

Major  conclusions  reached  on  the  program  include: 

1.  Process  defects  in  the  form  of  large  clumps  of  AlpO^ 
grains  and  fibers  that  were  broken  and  lying  on  tneir 
sides  were  preferential  sites  for  crack  initiation 
for  both  monotonic  and  cyclic  loading  along  the  fiber 
axis.  However,  the  presence  of  the  defects  was  not 
detrimental  to  axial  properties  unless  the  size  of 
the  defect  was  a  significant  fraction  of  the  specimen 
cross  section.  These  defects  did  not  play  a  role  in 
crack  initiation  during  off-axis  loading. 

2.  For  CPMg,  a  relatively  weak  fiber/matrix  interface  resulted 
in  a  large  reduction  in  off-axis  tensile  properties.  The 
reduction  in  strength  is  related  to  a  change  in  the  mode 

of  fracture  from  flat  fracture  across  fibers  in  the  axial 
orientation  to  failure  along  the  fiber/matrix  interface 
in  off-axis  orientations.  Interfacial  failure  occurred 
between  the  magnesium  matrix  and  the  MgO  reaction  zone. 

3.  For  CPMg,  fatigue  crack  initiation  and  propagation  occurred 
parallel  to  the  fiber  direction  but  primarily  in  the  magnesium 
matrix  for  off-axis  loading  through  the  fiber  even  though 

the  fiber/matrix  interface  was  quite  weak.  Overload  failure 
in  these  specimens  occurred  along  the  fiber/matrix  interface. 

4.  The  critical  stress  intensity  for  unstable  fracture  of 
off-axis  CPMg  is  controlled  by  both  the  normal  and  shear 
stress  components  acting  on  the  fiber/matrix  interface. 


5.  The  alloying  elements  in  ZE41A  resulted  directly  in  an 
increased  matrix  strength  and  indirectly  in  an  increased 
fiber/matrix  interfacial  strength  and  a  decreased  fiber 
strength  compared  to  CPMg. 

6.  The  increased  interfacial  and  matrix  strengths  combined 
with  the  decreased  fiber  strengths  in  ZE41A  yielded  re¬ 
duced  axial  and  increased  off-axis  tensile  and  fatigue 
properties  compared  to  CPMg.  In  addition,  this  change 

in  component  strengths  delayed  the  transition  from  fracture 
across  the  fibers  to  interfacial  failure  as  the  angle  be¬ 
tween  the  fiber  direction  and  loading  axis  was  increased. 

7.  The  increased  interfacial  strength  was  due  to  a  thicker 
reaction  zone  of  larger  MgO  particles  and  not  to  segre¬ 
gation  of  alloying  elements  to  the  reaction  zone.  The 
size  of  the  reaction  zone  is  controlled  by  the  markedly 
different  solidification  characteristics  of  CPMg  compared 
to  ZE41A,  resulting  in  considerably  different  exposure 
times  of  the  AI2O3  fibers  to  liquid  magnesium.  This  result 
can  possibly  be  exploited  to  improve  composite  mechanical 
properties  through  process  control. 

These  results  are  described  in  detail  in  four  manuscripts  which  have 
either  been  published  or  are  currently  being  submitted  for  publication. 
These  manuscripts  are  presented  as  Appendices  A-D  at  the  end  of  this  sum¬ 
mary.  The  organization  of  the  Appendices  is  as  follows:  Appendix  A  - 
"Tensile  and  Fatigue  Behavior  of  Aluminum  Oxide  Fiber  Reinforced  Magnesium 
Composites:  Part  I.  Fiber  Fraction  and  Orientation"  by  J.  E.  Hack, 

R.  A.  Page  and  G.  R.  Leverant;  Appendix  B  -  "Tensile  and  Fatigue  Behavior 
of  Aluminum  Oxide  Fiber  Reinforced  Magnesium  Composites:  Part  II.  Alloying 
Effects"  by  R.  A.  Page,  J.  E.  Hack,  R.  Sherman  and  G.  R.  Leverant;  Appen¬ 
dix  C  -  "Critical  Stress  Intensity  for  Off-Axis  Fracture  of  A1 203  Fiber 
Reinforced  Magnesium"  by  K.  S.  Chan,  J.  E.  Hack  and  R.  A.  Page;  and  Appen¬ 
dix  D  -  "The  Influence  of  Thermal  Exposure  on  Interfacial  Reactions  and 
Strength  in  Aluminum  Oxide  Fiber  Reinforced  Magnesium  Alloy  Composites" 
by  J.  E.  Hack,  R.  A.  Page  and  R.  Sherman. 
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Abstract 

The  mechanical  behavior  of  commercially  pure  magnesium  reinforced  with  FP 
aluminum  oxide  fibers  has  been  studied  as  a  function  of  fiber  fraction  and  ori¬ 
entation.  Test  specimens  Included  material  of  two  different  volume  fractions 
of  fiber  and  four  different  fiber  orientations.  Axial  properties  were  depen¬ 
dent  on  the  fiber  content  and  generally  followed  the  rule  of  mixtures.  Of  the 
off-axis  properties,  only  the  elastic  modulus  exhibited  a  significant  depen¬ 
dence  on  fiber  content.  Off-axis  loading  resulted  In  large  reductions  In  both 
the  tensile  and  fatigue  properties.  The  reductions  coincided  with  a  change  In 
fracture  morphology  from  fracture  across  fibers  during  axial  loading  to  frac¬ 
ture  along  the  fiber  direction  for  off-axis  loading.  A  weak  fiber/matrix  In¬ 
terface  was  found  to  be  responsible  for  the  drop  In  tensile  properties  and  a 
combination  of  a  weak  matrix  and  a  weak  fiber/matrix  Interface  were  respon¬ 
sible  for  the  reduced  fatigue  resistance. 
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INTRODUCTION 

The  reinforcement  of  metal  matrices  with  high  strength  and  high  modulus 
synthetic  fibers  to  produce  a  hybrid  material  possessing  attractive  structural 
properties  Is  not  a  new  concept.  The  combination  of  recently  developed  high 
strength  and  modulus  ceramic  fibers  with  lightweight*  ductile  metal  matrices 
(principally  magnesium  and  aluminum)  has  spurred  renewed  interest  In  the  poten¬ 
tial  of  these  materials  for  applications  requiring  high  specific  strength  and 
stiffness*  toughness  and  fatigue  resistance.  Implementation  of  advanced  metal 
matrix  composite  materials  In  structural  applications  has  always  suffered*  how¬ 
ever*  due  to  a  lack  of  a  quantitative  relationship  between  microstructure  and 
mechanical  behavior. 

Although  a  great  deal  of  work  has  been  performed  on  fracture  mechanisms 
In  metal  matrix  composites  (1-4),  the  results  to  date  have  been  quite  contra¬ 
dictory  In  nature.  The  Inconsistencies  arise  from  the  complex  Interaction  of 
the  fiber/matrix  Interfacial  region  with  various  applied  states  of  stress.  In 
addition,  the  presence  of  the  fiber/matrix  Interface  in  these  composites  Intro¬ 
duces  several  mechan1e"s  of  crack  propagation  In  addition  to  those  observed  In 
monolithic  materl  5).  Also*  standard  metallurgical  techniques  for  modify¬ 

ing  the  properties  of  the  matrix  material  (1.e.»  alloying*  heat  treatment,  de¬ 
formation  processing*  etc.)  affect  the  metallurgical  structure  and  properties 
of  the  Interfacial  region  as  well  (6*7).  Thus,  the  effects  of  processing  vari¬ 
ables  on  composite  behavior  through  microstructural  changes  In  the  matrix  are 
difficult  to  separate  from  the  effects  of  those  variables  on  the  fiber/matrix 
Interface. 

A  research  program  was  Initiated  to  overcome  these  difficulties  by  devel¬ 
oping  quantitative  relationships  between  matrix  microstructure*  composition* 


The  specimens  utilized  for  both  the  tensile  and  fatigue  tests  were  15.2 
cm  long  with  1.27  cm  x  0.25  cm  rectangular  cross  sections.  Machining  was  per¬ 
formed  with  the  Al^  fibers  lying  parallel  to  the  15.2  cm  x  0.25  cm  face  and 
oriented  at  0#  22.5 #  45#  and  90*  to  the  15.2  cm  x  1.27  cm  face  and  the  tensile 
axis.  Aluminum  tabs  were  bonded  to  both  ends  of  the  specimens  for  gripping 
purposes.  Strain  gages>  aligned  to  measure  tensile  strains#  were  attached  on 
opposite  faces  of  the  tensile  specimens. 

The  tensile  and  fatigue  tests  were  both  carried  out  at  room  temperature 
In  a  closed-loop  hydraulic  testing  system.  The  tensile  tests#  which  yielded 
Information  on  the  effect  of  fiber  volume  fraction  and  fiber  orientation  on  the 
elastic  modulus  (E)»  yield  strength  (YS)»  ultimate  tensile  strength  (UTS)  and 
elongation  (e)  were  performed  under  displacement  control  at  a  strain  rate  of 
8.3  x  10_5/s.  Both  strain,  determined  from  the  strain  gages#  and  load  were 
monitored  continuously  during  testing.  Comparison  of  strain  readings  from  the 
front  and  back  gages  Indicated  that  bending  was  not  significant  In  these  tests. 
The  fatigue  tests  were  run  under  load  control  at  a  frequency  of  10  Hz  and  an  R- 
ratlo  of  0.1.  The  number  of  cycles  to  failure  was  determined  as  a  function  of 
maximum  stress#  fiber  volume  fraction#  and  fiber  orientation.  Tests  which  did 
not  result  In  failure  In  1  to  2  x  106  cycles  were  terminated. 

RESULTS 

Tensile  Behavior 

The  results  of  the  tensile  tests#  l.e.#  the  YS#  UTS#  E  and  e  are  pre¬ 
sented  In  Table  I.  It  Is  apparent  from  these  data  that  fiber  orientation 
affected  all  four  tensile  parameters.  The  most  dramatic  effect  was  found  In 


the  YS  where  a  22.5*  mlscrientatlon  of  the  fibers  decreased  the  YS  by  about  an 
order  of  magnitude.  The  UTS  was  also  a  strong  function  of  fiber  orientation, 
as  is  evident  from  Figure  2.  In  fact,  at  90*  the  YS  and  UTS  had  dropped  to  a 
value  approximately  equal  to  those  of  sand-cast  CP  magnesium  (21  and  90  MPa, 
respectively)  (8).  The  elongation  showed  an  abrupt  Increase  as  the  fiber 
orientation  went  from  0*  to  22.5*  then  dropped  off  with  Increasing  angle  for 
both  volume  fractions.  The  ductility  In  the  55  v/o  material  tended  to  be 
slightly  higher  at  Intermediate  angles.  The  elastic  modulus  was  the  least  sen¬ 
sitive  to  fiber  orientation,  exhibiting  a  factor  of  two  difference  between  the 
axial  and  transverse  moduli.  The  data  further  Indicate  that  the  elastic  modu¬ 
lus  at  all  orientations  and  the  axial  YS  and  UTS  were  Increased  by  Increasing 
the  fiber  volume  fraction.  The  YS  and  UTS  of  off-axis  specimens,  however,  were 
not  sensitive  to  the  fiber  volume  fraction  to  any  significant  degree.  The  con¬ 
vergence  of  the  UTS  curves  for  35  and  55  v/o  material  at  22.5*  and  beyond  In 
Figure  2  further  Illustrates  the  negligible  effect  that  fiber  content  has  on 
off-axis  strength. 

Fractographlc  characterization  of  the  tensile  specimens  Indicated  that 
failure  of  the  axial  specimens  occurred  at  90*  to  the  applied  stress,  1.e.» 
through  the  fibers.  The  role  that  defects  can  play  In  the  tensile  failure  of 
axial  specimens  Is  Illustrated  by  the  wide  scatter  In  the  axial  55  v/o  data. 
Sample  55-O-A  which  had  a  UTS  30%  lower  than  Sample  55-O-B,  failed  at  a  massive 
process  defect,  roughly  2500  x  200  ym  defect.  Although  Samples  55-O-B,  35-O-A 
and  35-O-B  contained  similar  defects  on  the  order  of  ten  times  the  fiber  dia¬ 
meter  (20  jm) ,  the  UTS  was  In  line  with  previously  published  values.  This  im¬ 
plies  that  defects  have  to  cover  a  significant  fraction  of  the  specimen  cross- 
section  to  affect  tensile  properties.  The  nature  of  the  defects  will  be  dis¬ 
cussed  In  detail  In  the  next  section  on  fatigue  behavior. 


Failure  of  all  the  off-axis  55  v/o  samples  and  the  35  v/o  samples  tested 
at  45  and  90*  occurred  along  the  fiber  axis  by  decohesion  of  the  fiber/matrix 
Interface.  Failure  of  the  35  v/o  samples  tested  at  22.5*  occurred  at  an  angle 
close  to  90*  by  a  mixture  of  Interfacial  decohesion  and  fiber  cracking.  No 
evidence  of  Initiation  at  process  defects  was  found  in  any  of  the  off-axis 
tensile  specimens. 

Fatigue  Behavior 

The  fatigue  resistance  of  both  35  and  55  v/o  materials  was  found  to  be  a 
function  of  the  fiber  orientation.  Increasing  the  angle  between  the  fiber  axis 
and  the  stress  axis  resulted  In  a  reduction  In  the  fatigue  resistance,  as  evi¬ 
denced  by  the  compendium  of  S-N  curves  In  Figure  3.  (The  solid  and  dashed 
lines  In  the  figure  represent  a  least  squares  fit  to  the  data.  The  arrowed 
data  represent  samples  which  had  not  failed  by  ~106  cycles  and  were  thus  ter¬ 
minated.)  As  observed  In  the  tensile  behavior,  the  higher  volume  fraction  of 
fibers  resulted  In  a  dramatic  Increase  In  the  fatigue  resistance  of  the  axial 
specimens.  The  close  grouping  of  the  off-axis  data,  however,  Indicates  that 
fiber  content  did  not  strongly  Influence  off-axis  fatigue  strength.  The  data 
presented  In  Figure  3  also  Indicates  that  fatigue  resistance  scales  roughly 
with  the  UTS.  Tt  *  *  is  more  obvious  in  Figure  4  In  which  all  of  the  fatigue 
data,  35  and  55  v/o  and  axial  through  transverse  geometries,  has  been  nor¬ 
malized  with  respect  to  the  appropriate  UTS.  The  normalized  data  all  lie  with¬ 
in  a  band  which  yields  an  endurance  limit,  defined  as  the  stress  which  results 
In  failure  In  106  cycles,  of  between  0.6  and  0.95  times  the  UTS  with  an  average 
value  of  about  0.75  times  •*  *  UTS. 

The  fatigue  a  .  «ud  regions  of  axial  fatigue  specimens  both  exhibit¬ 

ed  f ractographlc  fe&...ies  similar  to  those  of  the  axial  tensile  specimens.  In 
both  cases  cracking  occurred  across  the  fibers  at  roughly  90*  to  the  tensile 
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axis.  The  features  of  the  fatigue  and  overload  failures  were  so  similar  that 
It  was  Impossible  to  determine  the  extent  of  fatigue  cracking  from  examinations 
of  the  fracture  surface.  River  markings  on  the  fracture  surfaces  however# 
Indicate  that  cracking  had  Initiated  at  process  defects.  Two  distinct  types  of 
defects  were  found  to  be  responsible  for  fatigue  crack  initiation-*  1)  Individ¬ 
ual  fibers  which  had  broken  and  fallen  perpendicular  to  the  stress  axis  during 
processing;  and  2)  large  clumps  of  Al^O^  grains  which  were  an  order  of  magni¬ 
tude  larger  than  the  average  fiber  diameter.  Failure  of  both  of  these  defects 
was  determined  (Part  II)  to  be  due  to  delamination  of  the  Al^O^/Mg  Interface. 
Examples  of  the  two  types  of  defect  are  shown  In  Figure  5. 

In  contrast  to  the  axial  specimens#  off-axis  specimens  failed  generally 
parallel  to  the  fiber  axis.  Furthermore#  a  striking  difference  was  observed 
between  the  fracture  morphology  of  the  fatigue  and  overload  regions  of  the  off- 
axis  specimens.  This  difference  Is  Illustrated  by  the  fractographs  of  Figure 
6.  The  overload  regions  exhibited  features  Identical  to  those  of  the  off-axis 
tensile  failures,  as  would  be  expected.  Delamination  of  the  fiber/  matrix  In¬ 
terface  was  the  primary  mode  of  failure  In  all  but  the  35  v/o  material  oriented 
at  22.5*.  Thus#  the  fracture  was  oriented  along  the  fiber  axis  In  all  but  the 
35  v/o  material  oriented  at  22.5*.  The  overload  failure  mode  was  mixed  In 
these  samples#  consisting  of  roughly  equal  amounts  of  Interfacial  delamination 
and  flat  fracture  across  fibers#  and  occurred  approximately  perpendicular  to 
the  tensile  axis. 

Fatigue  cracking  In  all  of  the  off-axis  specimens  occurred  along  the  di¬ 
rection  of  the  fiber  axis  by  a  combination  of  delamlnatlon  of  the  fiber/matrix 
Interface  and  cracking  of  the  magnesium  matrix.  Of  these#  matrix  cracking# 
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which  exhibited  a  brittle#  crystallographic  morphology  reminiscent  of  cyclic 


cleavage  (9)#  as  In  Figure  7 #  was  the  predominant  mode.  In  many  Instances  the 
crystallographic  features  were  maintained  over  distances  corresponding  to  from 
tens  to  hundreds  of  fiber  diameters.  Figure  8  Is  typical  of  one  such  area. 
Examination  of  the  fatigue  regions  did  not  Indicate  that  process  defects  acted 
as  Initiation  sites  as  they  had  In  the  axial  tests.  Metallographlc  sections 
taken  through  a  number  of  the  fatigue  regions  revealed  numerous  secondary 
cracks#  many  of  which  were  entirely  situated  In  matrix  material.  An  example  of 
the  secondary  cracking  observed  Is  presented  In  Figure  9. 

Fiber  Spacing 

Average  fiber  spaclngs  were  determined  from  fatigue  and  overload  regions 
of  both  35  and  55  v/o  material  by  counting  the  number  of  fibers  Intersected  by 
lines  of  known  length  passed  randomly  In  the  fracture  plane  and  perpendicular 
to  the  fiber  axis.  For  comparison  purposes#  average  spaclngs  were  also  deter¬ 
mined  on  metallographlc  sections  cut  transverse  to  the  fiber  axis.  In  this 
case  the  lines  were  passed  randomly  in  a  plane  perpendicular  to  the  fiber  axis. 
T.ie  data#  which  represent  averages  obtained  from  3  to  10  separate  counts#  are 
presented  In  Table  II.  Spacing  obtained  from  fatigue  regions  were  consistently 
larger  than  those  obtained  from  random  transverse  sections.  On  the  other  hand# 
spaclngs  obtained  from  the  overload  regions  were  consistently  smaller  than 
those  obtained  from  random  transverse  sections. 

Auger  Spectroscopy 

A  number  of  transverse  specimens  were  fractured  In  situ  in  a  Physical 
Electronics  595  scanning  Auger  microprobe.  The  in-situ  fracture  occurred  along 
fiber/matrix  Interfaces#  Figure  10#  In  a  manner  similar  to  the  off-axis  tensile 
and  overload  failures.  Spectra  taken  from  the  fiber  trough  and  the  fiber  sur¬ 
face  are  presented  In  Figures  11a  and  b#  respectively.  Comparslon  of  the  fine 
structure  of  the  magnesium  peaks  and  the  ratio  of  the  oxygen  to  magnesium  peak 


heights  with  spectra  taken  from  laboratory  standards  (10)  Indicate  that  the 
trough  side  of  the  fracture  was  metallic  magnesium  with  a  small  amount  of  oxy¬ 
gen  and  the  fiber  side  of  the  fracture  was  an  oxide  of  magnesium*  most  likely 
MgO.  Aluminum  was  not  detected  on  either  the  trough  or  the  fiber  surface. 

DISCUSSION 

As  mentioned  In  the  Introduction*  A^Og  fiber  reinforced  magnesium  was 
chosen  for  this  Investigation  because  it  was  representative  of  the  most  recent 
generation  of  composite  materials  which  contain  high  performance*  state-of-the- 
art  fibers  In  a  ductile  metal  matrix.  The  test  results  obtained  for  the  A^Og 
fiber  reinforced  commercially  pure  magnesium  Indicate  the  effect  of  fiber  ori¬ 
entation  and  volume  fraction  on  tensile  and  fatigue  properties  and  provide  a 
basis  from  which  the  effects  of  changes  in  various  material  parameters  such  as 
matrix  alloying  and  fiber/matrix  Interfacial  strength  can  be  evaluated. 

Tensile  Behavior 

The  tensile  results  indicate  that  A^Og  fiber  reinforced  magnesium  tested 
In  the  axial  direction  responds  to  changes  In  fiber  content  In  much  the  same 
manner  as  other  composites  which  have  been  investigated  (11-13)*  1.e.»  YS,  UTS* 
and  E  Increase  with  Increased  fiber  content.  This  behavior  Is  consistent  with 
the  trend  predicted  by  the  rule  of  mixtures  (ROM).  Although  the  ROM  values  for 
UTS  were  quite  close  to  those  observed  for  axial  specimens*  E  was  overestimated 
by  approximately  ten  percent  for  both  35  and  55  v/o  materials.  The  ROM  calcu¬ 
lations  were  made  with  UTS  Mg  =  90  MPa  (14);  UTS  Al20g  =  965  MPa  (15);  E  Mg  *= 

45  GPa  (14);  E  A^Og  *  384  GPa  (15). 

The  off-axis  results  Illustrate  the  dramatic  effect  that  fiber  orienta¬ 
tion  can  have  In  composites  of  this  type.  Large  drops  In  YS*  UTS,  and  E  were 


pure  matrix  material.  Although  failure  in  tensile  overload  occurred  along 
the  weak  fiber/matrix  interface  in  off-axis  specimens,  subcritical  f 
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observed  at  all  mlsorlentatlons  tested.  In  the  transverse  direction  the  UTS 
had  dropped  to  a  value  equal  to  or  slightly  below  that  of  the  matrix  alone. 

The  modulus*  however*  was  approximately  doubled  by  the  presence  of  the  fibers. 
The  sharp  reduction  In  UTS  and  YS  was  related  to  a  change  In  failure  mode  from 
flat  fracture  across  fibers  to  del  ami  nation  of  the  fiber/matrix  Interface. 

Resolution  of  the  stresses  Into  the  fiber  axis*  Interface  normal  and  In¬ 
terface  shear  components  yields  (16): 
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respectively*  where  c.  Is  the  applied  stress.  A  plot  of  normalized  stress  ver¬ 
sus  angle  Is  given  In  Figure  12. 

If  the  Interfaclal  strength  was  a  significant  fraction  of  the  fiber 
strength*  the  composite  tensile  strength  would  be  expected  to  Increase  with 
mlsorlentatlon  angle.  Interfaclal  shear  controlled  failure  would  cause  the  UTS 
to  fall  with  Increasing  0  up  to  45*  and  then  rise  as  0  Increased  to  90*.  If 
the  off-axis  failure  occurred  due  to  normal  stresses*  however,  the  UTS  would  be 
expected  to  show  a  constant  decrease  with  Increasing  0.  The  lack  of  shearing 
In  the  troughs  of  failed  off-axis  specimens  and  the  tensile  behavior  shown  In 
Figure  2  strongly  support  the  Ideas  that  the  Interface  Is  very  weak  with  res¬ 
pect  to  normal  forces.  Even  at  22.5*  where  c^/aA  and  C22^°A  are  an<* 

0.15*  respectively*  the  weakness  of  the  Interface  In  comparison  with  the  axial 
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composite  strength  Is  dramatic  enough  to  Induce  predominantly  Interfacial  fail¬ 
ure.  An  Independent  analysis  based  on  stress  intensity  factors  also  clearly 
shows  the  dominant  role  of  the  normal  stress  (17). 

A  similar  analysis  for  strains  can  be  used  to  explain  the  elongation  be¬ 
havior.  Since  macroscopic  deformation  Is  restricted  to  occur  parallel  to  the 
fiber  orientation  In  off-axis  specimens#  the  shear  strain  would  be  expected  to 
control  the  ductility  of  the  composite.  As  can  be  seen  from  Figure  13  (16) » 
the  Interfacial  shear  strains  In  a  unidirectional  composite  Increase  abruptly 
with  9  as  the  angle  of  mlsorlentatlon  Increases  from  0*  and  then  falls  off 
slowly  with  increasing  0.  This  Is  precisely  the  behavior  In  e  observed  In 
Table  I. 

The  Auger  results  Indicate  that  off-axis  failure  occurs  along  a  magne¬ 
sium/magnesium  oxide  interface*  which  must  be  concluded  to  be  the  matrix/ 
reaction  zone  Interface.  Formation  of  magnesium  oxide  In  the  reaction  zone  Is 
predicted  by  thermodynamic  considerations*  as  Is  the  formation  of  MgA^O^ 
spinel.  Levi  et  al .  (18)  have  shown  that  MgO  can  form  when  the  magnesium  con¬ 
tent  of  the  matrix  Is  high.  Thus*  It  can  be  concluded  that  a  reaction  zone  of 
MgO  formed  during  casting  and  that  the  Interface  between  the  reaction  zone  and 
the  matrix  was  the  site  of  off-axis  failure.  The  nature  of  the  Interface  re¬ 
gion  Is  discussed  In  Part  II  of  this  pair  of  papers. 

The  Insensitivity  of  the  off-axis  Y$  and  UTS  to  changes  In  fiber  content 
Is  also  noteworthy.  Similar  behavior  has  been  observed  when  matrix  failure 
predominates  (13).  On  the  other  hand*  a  strong  dependence  on  fiber  content  has 
been  observed  when  failure  occurs  by  fiber  splitting  (11).  These  observations 
suggest  that*  unless  the  fibers  participate  In  off-axis  failure*  the  off-axis 
YS  and  UTS  do  not  benefit  greatly  from  Increases  In  the  fiber  volume  fraction. 
Large  benefits  would  be  expected*  however*  from  Increases  In  the  fiber/matrix 


Interface  strength.  This  has  been  observed  with  an  alloyed  Mg  matrix  rein¬ 
forced  with  and  Is  reported  In  Part  II. 

Fatigue  Behavior 

The  fatigue  resistance  of  the  A^Og  fiber  reinforced  magnesium*  as  mea¬ 
sured  by  S-N  curves*  mirrored  the  UTS.  Hence*  all  of  the  correlations  that 
were  made  between  fiber  content  or  orientation  and  tensile  strength  also  apply 
to  the  fatigue  life  behavior.  Increases  in  fiber  content  would  therefore  be 
expected  to  increase  lifetimes  In  axial  fatigue  but  provide  little  or  no  bene¬ 
fit  for  off-axis  loadings*  as  was  observed.  Similarly,  Increases  In  mlsorlen- 
tatlon  angle  were  found  to  sharply  depress  the  S-N  curves. 

One  of  the  most  Interesting  aspects  of  this  study  was  the  off-axis  sub- 

critical  fatigue  crack  growth  behavior.  Although  the  fiber/ matrix  Interface 

was  weak*  as  demonstrated  by  the  off-axis  tensile  and  overload  failures*  fa¬ 
ff 

tlgue  cracking  occurred  primarily  through  the  magnesium  matrix.  The  matrix 
cracking,  which  was  brittle  and  crystallographic  In  appearance,  may  be  similar 
to  the  crystallographic  Stage  I  cracking  which  has  been  observed  along  slip 
planes  and  twin  boundaries  In  monolithic  magnesium  (19).  The  major  role  of  the 
fibers  In  fatigue  Is  believed  to  be  one  of  channeling  the  fatigue  cracks  In  a 
direction  parallel  to  the  fiber  axis,  although  Interfacial  delamination  did 
play  at  least  a  minor  role  in  the  cracking. 

*  The  observation  that  fatigue  cracking  occurred  primarily  through  the  matrix 
Is  supported  by  the  fractography.  Figures  9  and  11*  the  larger  than  average 
fiber  spacing  observed  on  the  fracture  surfaces.  Table  II*  and  the  observations 
of  the  secondary  cracks  situated  entirely  In  the  matrix*  Figure  12.  Further¬ 
more*  sections  through  the  thumbnails  Indicated  that  the  fatigue  cracks  tended 
to  step  around  fibers. 
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All  the  off-axis  tensile  data  Indicates  that  the  Interface  between  the 
fiber  and  matrix  Is  extremely  weak.  Since  fatigue  cracks  appear  to  have  Initi¬ 
ated  In  the  matrix  and  only  showed  a  transition  to  Interfaclal  failure  at  over¬ 
load,  It  Is  safe  to  assume  that  Initiation  occurred  early  In  the  lifetime. 

Thus,  the  lifetime  of  the  off-axis  specimens  was  propagation  controlled  even  In 
the  high  cycle  regime.  From  the  geometry  of  the  thumbnails,  It  Is  known  that 
the  stress  Intensity  did  not  exceed  approximately  35  W5a*v'm  during  the  off-axis 
fatigue  tests  (17).  Crack  growth  rates  In  monolithic  Mg  alloys  have  been  found 

o 

to  be  on  the  order  of  10  m/cycles  at  these  levels  of  stress  Intensity  (20). 
Similar  behavior  has  been  found  In  nickel  base  superalloy  single  crystals  (21) 
and  other  metal-matrix  composite  systems  (22)  where  Initiation  occurs  early  In 
life  but  fatigue  crack  growth  rates  at  the  critical  stress  Intensity  are  still 
close  to  the  neah- thresh old  regime. 

The  Implications  of  these  results  are  twofold.  First,  fiber/matrix  In¬ 
terface  strength  should  play  a  primary  role  In  the  off-axis  S-N  behavior 
through  Its  control  of  overload  resistance  but  only  a  secondary  role  In  the 
off-axis  fatigue  crack  propagation  behavior  since  the  primary  fracture  mor¬ 
phology  was  not  Interface  related.  Second,  matrix  strength  should  play  a  pri¬ 
mary  role  In  both  off-axis  S-N  behavior  and  fatigue  crack  propagation  since  It 
controls  the  primary  fracture  morphology.  Alloying  of  the  matrix  therefore 
appears  to  be  the  most  promising  approach  to  Improved  off-axis  properties 
since,  through  proper  alloy  additions.  It  may  be  possible  to  Increase  both 
matrix  and  Interfaclal  strengths. 

Process  Defects 

The  fractographlc  results  on  the  axial  tensile  and  fatigue  specimens  In¬ 
dicated  that  process  defects  play  a  role  In  crack  Initiation  at  0*.  In  fact, 
fatigue  crack  Initiation  could  always  be  traced  to  a  process  defect.  However, 
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the  UTS  of  the  composite  only  deviated  from  the  role  of  mixtures  when  an  un¬ 
usually  large  defect  was  present  (Figure  3).  Defects  of  this  size  were  not 
found  In  any  other  specimen.  Although  fatigue  crack  Initiation  most  likely 
occurred  early  In  the  specimen  lifetime  due  to  the  presence  of  the  process  de¬ 
fects#  the  endurance  limit  In  the  axial  fatigue  specimens  remained  at  approxi¬ 
mately  70%  of  the  ROM  UTS  value.  This  was  the  same  range  as  was  found  for  the 
off-axis  specimens  where  process  defects  did  not  contribute  to  crack  Initia¬ 
tion.  In  addition#  most  component  design  considerations  Incorporate  cross- 
plied  fibers  to  offset  the  Inferior  off-axis  tensile  strength  with  respect  to 
the  axial  orientation#  thus  providing  paths  for  crystallographic  crack  Initia¬ 
tion  In  the  matrix.  With  all  of  these  facts  taken  Into  account#  It  seems  that# 
with  the  exception  of  gross  defects  such  as  that  found  In  the  55  v/o  axial  ten¬ 
sile  specime:.#  the  Improvement  in  mechanical  properties  to  be  gained  by  the 
removal  of  the  process  defects  would  not  be  worth  the  considerable  cost  and 
effort  required.  Some  form  of  non-destructive  evaluation  to  detect  gross  de¬ 
fects  Is  required#  however. 
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CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  results  obtained  In  the 
present  Investigation. 

(1)  Process  defects  In  the  form  of  large  clumps  of 

grains  and  fibers  which  were  broken  and  lying  on  their 
sides  were  preferential  sites  for  crack  initiation  for 
both  monotonic  and  cyclic  loading  along  the  fiber  axis. 

However#  the  presence  of  the  defects  was  not  particularly 
damaging  to  axial  tensile  or  fatigue  properties  unless 
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the  size  of  the  defect  was  a  significant  fraction  of  the 
specimen  cross-section.  Process  defects  did  not  play  a 
role  In  crack  Initiation  during  off-axis  loading. 

(2)  Changes  In  the  fiber  content  can  be  used  to  alter  the 
axial  properties.  With  respect  to  the  off-axis  proper¬ 
ties*  however*  only  the  modulus  Is  significantly  affected 
by  fiber  content. 

(3)  The  weak  fiber/ matrix  Interface  causes  a  large  reduction 
In  tensile  properties  when  loading  Is  off-axis.  The  re¬ 
duction  In  properties  Is  related  to  a  change  In  the  mode 
of  fracture  from  flat  fracture  across  fibers  In  the  axial 
condition  to  failure  along  the  fiber/matrix  Interface  In 
the  off-axis  condition.  An  Increase  In  Interfaclal  strength 
brought  about  either  through  process  modification  or  through 
alloying  should  yield  Improved  off-axis  properties. 

(4)  Interfaclal  delamlnatlon,  which  was  the  predominant  failure 
mode  In  all  off-axis  overload  failures*  occurred  along  the 
Interface  between  the  magnesium  matrix  and  the  magnesium 
oxide  reaction  zone. 

(5)  Fatigue  crack  Initiation  and  propagation  during  off-axis 
loading  occurs  primarily  through  the  magnesium  matrix. 

Hence*  alloy  additions  designed  to  Increase  the  strengths 
of  the  matrix  and  the  fiber/matrix  Interface  should  be 
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effective  In  Increasing  the  off-axis  fatigue  resistance 
of  the  composite. 


ACKNOWLEDGEMENTS 


The  authors  are  grateful  for  the  support  of  this  work  by  the  Army  Re¬ 
search  Office  under  Contract  No.  DAAG29-81-K-0049.  We  would  also  like  to  thank 
Dr.  R.  Sherman  for  performing  the  Auger  analyses.  The  technical  assistance 
of  Messrs.  V.  D.  Aaron  and  H.  Saldana  In  specimen  preparation  and  testing  Is 
also  greatly  appreciated. 


REFERENCES 


G.  A.  Cooper  and  A.  Kelly:  J.  Mech.  Phys.  of  Solids#  1967,  Vol .  15,  p. 
279. 

R.  E.  Cooper:  J.  Mech.  Phys.  Solids,  1970,  Vol.  18,  p.  179. 

A.  Kelly:  Proc.  Royal  Soc,  London,  1970,  Vol.  319,  p.  95. 

D.  L.  McDanels,  R.  W.  Jech,  and  J.  M.  Weeton:  Trans.  TMS-AIME,  1965, 
Vol.  233,  p.  636. 

A.  S.  Tetelman:  Composite  Materials:  Testing  and  Design,  ASTM  STP  460, 
p.  473,  American  Society  for  Testing  and  Materials,  Philadelphia,  PA, 
1969. 

J.  R.  Hancock:  Composite  Materials:  Testing  and  Design  (Second 
Conference) ,  ASTM  STP  497,  p.  483,  American  Society  for  Testing  and 
Materials,  Philadelphia,  PA,  1972. 

G.  D.  Swanson  and  J.  R.  Hancock:  Composite  Materials:  Testing  and 
Design,  (Second  Conference),  ASTM  STP  497,  p.  469,  American  Society  for 
Testing  and  Materials,  Philadelphia,  PA,  1972. 

Metals  Handbook,  9th  ed.»  Vol.  2,  p.  264,  American  Society  for  Metals, 
Metals  Park,  OH,  1979. 

M.  Gell  and  G.  R.  Leverant:  Acta  Met.,  1968,  Vol.  16,  p.  553. 

L.  E.  Davis,  N.  C.  MacDonald,  P.  W.  Palmberg,  G.  E.  Riach,  and  R.  E. 
Weber:  Handbook  of  Auger  Electron  Spectroscopy,  2nd  ed.»  pp.  39-41, 
Physical  Electronic  Industries,  Eden  Prairie,  MN,  1976. 

K.  M.  Prewo  and  K.  G.  Krelder:  Met.  Trans,  1972,  Vol.  3,  p.  2201. 

P.  E.  Chen  and  J.  M.  Lin:  Mat.  Res.  Std.,  1969,  Vol.  9,  No.  8,  p.  29. 


K.  M  Prewo  and  K.  G.  Krelder:  J.  Comp.  Mat.,  1972,  Vol.  6,  p.  338. 


14 


Metals  Handbook  8th  ed.»  Vol.  1#  American  Society  for  Metals# 
Metals  Park,  OH,  1961. 


18 


s 


i 


15. 

16. 

17. 


18. 

19. 

20. 
21. 
22. 


R.  T.  Pepper  and  D.  C.  Nelson:  Report  No.  NASA  CR-167999,  NASA-Lewls 
Research  Center,  Cleveland,  OH,  September  1982. 

C.  C.  Chamls  and  J.  H.  Sinclair:  Report  No.  NASA  7N  D-8215,  NASA-Lewls 
Research  Center,  Cleveland,  OH,  April  1976. 

K.  S.  Chan,  J.  E.  Hack,  and  R.  A.  Page:  "Critical  Stress  Intensity  for 
Off-Axis  Fracture  of  Al^O^  Fiber  Reinforced  Magnesium,"  (In  press) 
Metallurgical  Transactions. 

C.  6.  Levi,  G.  J.  Abbaschlan,  and  R.  Mehrablan:  Met.  Trans.,  1978, 

Vol .  9A,  p.  697. 

M.  J.  May  and  R.  V.  K.  Honeycombe:  J.  Inst.  Metals,  1963-64,  Vol.  92, 
p.  41. 

N.  M.  Grlnberg,  Inst.  J.  Fatigue,  1982,  Vol.  4,  p.  83. 

M.  Gel!  and  G.  R.  Leverant,  Trans.  7MS-AIME,  1968,  Vol.  242,  p.  1869. 


i 


t 


I 


M.  Gouda,  K.  M.  Prewo  and  A.  J.  McEvIly:  Fatigue  of  Fibrous  Composite 
Materials,  AS7M  STP  723,  K.  N.  Laurltls,  ed.»  pp.  101-115,  American 
Society  for  Testing  Materials,  Philadelphia,  PA,  1981. 


TABLE  I 


TENSILE  PROPERTIES  OF  35  AND  55  V/O  AL-O, 
FIBER  REINFORCED  CP  MAGNESIUM 


V/O  Al^Og 

Orientation#  deg. 

YS,  MPa 

UTS,  MPa 

E,  GPa 

35 

0  (axial) 

213 

383  (  396) 

149  (162) 

35 

22.5 

34 

207 

116 

35 

45 

23 

108 

90 

35 

90  (transverse) 

21 

104 

85 

* 

* 

55 

0  (axial) 

321 

567  (571) 

197  (229) 

55 

22.5 

27 

196 

155 

55 

45 

30 

157 

124 

55 

90  (transverse) 

18 

67 

90 

All  values  are  the  averages  of  duplicate  tests  except  where  noted. 

Values  In  parenthesis  are  calculated  from  the  rule-of-mixtures  (ROM). 

*  Values  from  a  single  test.  Second  specimen  failed  at  400  W’a  due  to  the 
presence  of  a  large  process  defect. 


TABLE  II 


FIBER  SPACING  COMPARISON  IN 
FATIGUE  AND  OVERLOAD  FAILURE 


v/o  Fiber 

Orientation 

Location 

Averaae  Spacl 

35 

- 

Transverse  Section 

44 

35 

- 

Transverse  Section 

37 

35 

45* 

Fatigue  Region 

74 

35 

45* 

Fatigue  Region 

197 

35 

45* 

Overload  Region 

23 

35 

90* 

Fatigue  Region 

74 

35 

90* 

Fatigue  Region 

60 

35 

90* 

Fatigue  Region 

75 

35 

90* 

Overload  Region 

24 

55 

- 

Transverse  Section 

29 

55 

- 

Transverse  Section 

30 

55 

22.5* 

Fatigue  Region 

43 

55 

22.5* 

Overload  Region 

24 

55 

45* 

Fatigue  Region 

46 

55 

45* 

Overload  Region 

20 

55 

90* 

Fatigue  Region 

35 

55 

90* 

Overload  Region 

21 
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A1203  fiber  reinforced  CP  Mg. 


Maximum  Stress,  MPa 


Figure  3.  Combined  S-N  curves  for  both  35  and  55  v/o  A1 2O3  fiber 
reinforced  CP  Mg  illustrating  the  effect  of  fiber  vol¬ 
ume  fraction  as  a  function  of  orientation. 


Figure  4.  Fatigue  data  for  both  35  and  55  v/o  AI2O3  fiber  reinforced 
CP  Mg  normalized  with  respect  to  the  UTS. 


Figure  5.  Typical  process  defects  responsible  for  crack 
initiation  in  axial  specimens:  AT 2O3  fiber 
reinforced  CP  Mg  (a)  transverse  fibers  (Area  1 ), 
and  (b)  clumps  of  A1 2O3  grains  (Area  2). 


Figure  6.  Scanning  electron  micrographs  of  typical  overload  (a) 
and  fatigue  (b)  failures  in  off-axis  specimens  of 
AI2O3  fiber  reinforced  CP  Mg.  Note  that  the  failure 
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marily  through  the  matrix. 


Lx 


2  0  Mm 


Figure  7.  High  magnification  view  of  typical  cleavage-like 
fracture  morphology  in  fatigue  thumbnail  regions 
of  off-axis  specimens  of  A1 2O3  fiber  reinforced 
CP  Mg.  Fiber  trough  is  visible  in  region  1. 
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Figure  9.  Scanning  electron  micrograph  of  a  typical 
secondary  crack  located  in  the  matrix  of 
an  off-axis  fatigue  specimen  of  A1 2O3 
fiber  reinforced  CP  Mg.  Note  that  the 
cracking  avoids  fiber/matrix  interfaces 
during  subcritical  crack  growth  (crack 
path  denoted  by  arrows). 


Figure  10.  Scanning  electron  micrograph  of  the 
failure  obtained  in  the  scanning 
auger  microprobe.  Typical  exposed 
fiber  in  Area  A,  fiber  trough  in 
Area  B. 
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Figure  12.  Variation  of  material  axes  stress  in  unidirectional 
composite  plotted  against  load  direction  [Ref.  16]. 
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Figure  13.  Variation  of  material  axes  strains  in  a  typical 
unidirectional  composite  plotted  against  load 
direction  [Ref.  16]. 


APPENDIX  B 


"TENSILE  AND  FATIGUE  BEHAVIOR  OF  ALUMINUM  OXIDE  FIBER  REINFORCED 
MAGNESIUM  COMPOSITES:  PART  II.  ALLOYING  EFFECTS" 

BY  R.  A.  PAGE,  J.  E.  HACK,  R.  SHERMAN  AND  G.  R.  LEVERANT 
PUBLISHED  IN  METALLURGICAL  TRANSACTIONS  A, 

VOLUME  15A,  JULY  1984 


TENSILE  AND  FATIGUE  BEHAVIOR  OF  ALUMINUM 
OXIDE  FIBER  REINFORCED  MAGNESIUM 
COMPOSITES:  PART  II  -  ALLOYING  EFFECTS 


R.  A.  Page»  J.  E.  Hack.  R.  Sherman  and  G.  R.  Leverant 


Southwest  Research  Institute 
6220  Culebra  Road 
San  Antonio.  Texas  78284.  USA 


Abstract 


The  effect  of  matrix  alloy  additions  on  mechanical  properties  was  exam- 
Ined  by  comparing  the  tensile  and  fatigue  properties  of  commercially  pure 
magnesium  and  ZE41A  (Mg-4.25  Zn-0.5  Zr-1.25  RE)  which  were  both  reinforced  with 
FP  aluminum  oxide  fibers.  The  alloy  additions  were  found  to  Improve  the  off-  # 

axis  properties  but  decrease  the  axial  properties.  This  was  brought  about  by 
an  Increase  In  the  matrix  and  Interfacial  strengths  and  a  decrease  In  the  fiber 
strength.  It  was  also  determined  that  the  reaction  zone  In  both  materials  was  9 

MgO  and  that  strengthening  of  the  interface  was  due  to  an  increased  particle 
size  and/or  a  thicker  reaction  zone  and  not  tc  any  segregation  of  alloying 
elements  to  the  Interface.  • 
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INTRODUCTION 

The  Important  effect  that  matrix  composition  and  heat  treatment  have  on 
off-axis  properties  has  been  demonstrated  In  a  number  of  metal  matrix  composite 
systems  (1*2) .  Generally/  these  variables  have  not  been  found  to  Influence 
axial  properties.  Although  some  attempts  have  been  made  to  correlate  matrix 
composition  and  heat  treatment  with  corresponding  changes  In  the  toughness  of 
the  composite  (1)*  no  quantitative  correlations  have  been  made  with  the  local 
decohesion  stress.  In  addition#  effects  of  microstructural  changes  In  the 
matrix  have  not  been  successfully  separated  from  residual  stress  and  Inter¬ 
facial  effects. 

A  recent  study  (presented  In  In  Part  I)  of  the  fatigue  and  tensile  be¬ 
havior  of  a  model  material  (FP  Al^O^  fibers  In  a  commercially  pure  Mg  Matrix) 
Indicated  that  off-axis  fatigue  and  tensile  properties  were  suppressed  because 
of  the  combination  of  a  low  fiber/matrix  interfacial  strength  and  a  soft  ma¬ 
trix.  Under  either  cyclic  or  static  loading  the  drastic  drop  In  fatigue  and 
tensile  properties  with  angle  was  found  to  correspond  with  a  change  In  failure 
mode  from  flat  fracture  across  the  fibers  under  axial  loading  conditions  to 
Interfacial  and/or  matrix  failure  along  the  fiber  orientation  for  off-axis 
loading.  One  of  the  conclusions  of  the  study  was  that  alloy  additions  designed 
to  Increase  the  strength  of  the  fiber/matrix  Interface  and/or  the  strength  of 
the  matrix  should  Improve  off-axis  properties.  It  has  also  been  found  that  the 
transverse  strength  Is  dependent  on  matrix  composition  In  FP/Mg  composites  (3). 
It  was  not  known  whether  this  phenomenon  was  purely  a  matrix  strengthening  ef¬ 
fect  or  due  to  a  subtle  change  In  Interfacial  structure. 

This  paper  reports  the  Initial  results  of  a  study  of  the  Influence  of 
matrix  composition  on  the  micromechanisms  of  fracture  and  the  tensile  and 
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fatigue  properties  of  A^Og  fiber  reinforced  magnesium  composites.  This  work 
and  earlier  work  on  the  model  material  (Part  I)  provide  the  foundation  for  a 
continuing  program  designed  to  develop  quantitative  relationships  between  ma¬ 
trix  microstructure*  composition*  and  properties;  fiber  orientation  and  volume 
percent;  and  fatigue  crack  growth  behavior  In  these  materials  through  direct 
observations  of  the  effects  of  these  variables  on  the  strain  field  at  the  tip 
of  a  growing  crack. 


EXPERIMENTAL 

The  effect  of  matrix  alloy  content  was  Investigated  by  comparing  the 
fatigue  and  tensile  properties  of  two  materials  which  differed  only  in  the 
composition  of  the  matrix.  Commercially  pure  magnesium  (CPMg)  was  utilized  as 
the  baseline  matrix  material  while  ZE41A,  a  magnesium  alloy  with  approximately 
4.25  wt.%  Zn,  0.5  wt.35  Zr,  and  1.25  wt.%  rare  earths*  was  chosen  to  represent 
alloyed  matrix  materials.  Both  materials  contained  55  v/o  of  continuous*  uni¬ 
directional*  20  yin  diameter  Al^  fibers.  The  composite  plates  were  manufac¬ 
tured  by  E.  I.  DuPont  de  Nemours  and  Co.  by  liquid  Infiltration  of  the  FP 
A1 20g  fibers. 

Specimens  15.2  cm  long  with  1.27  cm  x  0.25  cm  rectangular  cross  sections 
were  used  for  both  the  tensile  and  fatigue  tests.  The  specimens  were  machined 
with  the  Al20g  fibers  lying  parallel  to  the  15.2  cm  x  0.25  cm  face  and  orien¬ 
ted  at  angles  of  0*  22.5*  45  and  90*  and  0  and  22.5*  to  the  tensile  axis  for 
CPMg  and  ZE41A,  respectively.  Gripping  was  facilitated  by  the  addition  of 
aluminum  tabs  which  were  epoxled  to  both  sides  of  the  specimen  ends. 

A  closed-loop  hydraulic  testing  system  was  used  for  all  of  the  mechani¬ 
cal  tests.  The  fatigue  tests  were  run  under  load  control  at  an  R-ratlo  of  0.1 
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and  a  frequency  of  10  Hz.  Samples  were  tested  to  failure  or  to  approximately 
106  cycles,  whichever  came  first.  The  tensile  tests  were  performed  under  dis¬ 
placement  control  at  a  strain  rate  of  8.3xl0_^/s.  Specimen  strain  was  deter¬ 
mined  from  strain  gages  which  were  attached  to  opposite  faces  of  the  tensile 
specimens. 

Auger  Spectroscopy 

To  gain  a  better  understanding  of  the  effect  of  matrix  composition  on  the 
fiber/matrix  Interface,  transverse  specimens  of  both  CPMg  and  ZE41A  were  frac¬ 
tured  In  situ  and  examined  In  a  Physical  Electronics  595  scanning  Auger  micro¬ 
probe.  Surface  spectra  were  taken  with  an  Incident  accelerating  voltage  of  5 
KeV  and  beam  currents  ranging  from  0.3  yA  to  greater  than  1  yA.  Spectra  were 
obtained  In  point  mode,  with  a  beam  size  of  approximately  1  ym,  and  with  the  TV 
raster  operating.  All  operating  methods  produced  the  same  results  within  the 
chosen  slgnal-to-nolse  conditions.  A  limited  amount  of  ion  sputtering  was  also 
performed. 

Transmission  Electron  Microscopy 

Thin  foils  of  both  composite  materials  were  prepared  by  Ion  milling  and 
examined  in  a  Philips  301  scanning  transmission  electron  microscope.  Micro- 
diffraction  patterns  were  obtained  by  limiting  the  specimen  area  Illuminated 
with  a  focused  second  condenser  aperture  (4).  A  5  ym  aperture  was  used  which, 
with  the  demagnification  of  38  times  obtained  In  the  Philips  301  STEM,  yielded 
an  Illuminated  area  of  approximately  130  nm  In  diameter.  Diffraction  patterns 
were  taken  at  multiple  orientations  so  that  the  Interface  particles  could  be 
unambiguously  Identified. 


RESULTS 


Tensile  Behavior 

It  Is  clear  from  the  tensile  data»  Table  I  and  Figure  1*  that  the  alloy 
additions  to  the  matrix  had  a  strong  Influence  on  both  the  yield#  YS#  and 
ultimate  tensile#  UTS#  strengths.  Under  axial  loading#  the  use  of  ZE41A  as  a 
matrix  material  rather  than  CPMg  resulted  In  approximately  a  50  percent  In¬ 
crease  In  YS  and  a  15  percent  decrease  In  UTS.  At  22.5*  the  2E41A  material 
demonstrated  Increased  YS  and  UTS  with  the  UTS  Increased  by  about  a  factor  of 
two  and  the  YS  by  an  order  of  magnitude  over  the  CPMg  material.  As  expected# 
the  elastic  modulus  at  0  and  22.5*  was  not  significantly  affected  by  the  alloy 
additions.  Thus  the  alloy  additions  In  ZE41A,  1.e.»  Zn#  Zr»  and  rare  earths# 
benefitted  the  off-axis  tensile  properties  and  the  axial  yield  strength  but 
reduced  the  axial  UTS. 

The  fracture  morphology  of  the  axial  specimens  was  found  to  be  Indepen¬ 
dent  of  the  matrix  composition.  Both  the  CPMg  and  the  ZE41A  axial  specimens 
failed  In  a  flat  manner  at  approximately  90*  to  the  stress  axis  with  the  fail¬ 
ure  propagating  across  fibers.  The  off-axis  behavior  was  highly  composition 
dependent#  however.  Failure  of  the  22.5*  ZE41A  specimens  was  similar  to  that 
of  the  axial  specimens.  The  fracture  surface  was  quite  flat#  oriented  at  90* 
to  the  tensile  axis#  and  fracture  occurred  through  the  fibers.  In  direct  con¬ 
trast#  the  off-axis  CPMg  specimens  failed  along  the  fiber/matrix  Interface. 

Fatigue  Behavior 

The  results  of  fatigue  tests  performed  on  CPMg  and  ZE41A  In  both  0  and 
22.5*  orientations  are  presented  In  Figure  2.  When  loaded  axially  the  fatigue 
resistance  of  ZE41A  was  considerably  lower  than  that  of  CPMg.  However#  al- 


though  both  materials  showed  a  marked  reduction  In  fatigue  resistance  when 
loaded  off-axis  (22.5*)*  the  degree  of  reduction  was  far  less  for  ZE41A  than 
for  CPMg.  Thus  at  22.5*  ZE41A  was  more  resistant  to  fatigue  than  CPMg.  This 
behavior  Is  similar  to  the  UTS  dependence  on  alloy  content  and  fiber  orienta¬ 
tion.  The  S-N  curves  for  ZE41A  exhibited  slightly  steeper  slopes  than  the 
corresponding  curves  for  CPMg.  Thus  the  endurance  limit#  10^  cycles  to  fail¬ 
ure#  for  ZE41A  was  approximately  0.62  UTS  for  both  0*  and  22.5*  while  CPMg  had 
an  endurance  limit  of  approximately  0.68  UTS  at  22.5*  and  0.78  UTS  at  0*. 

The  axial  CPMg  and  ZE41A  specimens  exhibited  similar  fracture  morpholo¬ 
gies.  In  both#  fracture  occurred  across  the  fibers  at  an  angle  of  approxi¬ 
mately  90*  to  the  tensile  axis.  The  fracture  morphology  of  the  off-axis  spe¬ 
cimens  was  affected  by  the  matrix  composition#  however.  The  22.5*  CPMg  speci¬ 
mens  failed  parallel  to  the  fiber  axis  with  a  significant  difference  between 
the  fatigue  and  overload  morphologies.  The  overload  regions#  Figure  3a»  fail¬ 
ed  by  decohesion  of  the  fiber/matrix  Interface  while  fatigue  cracking# 

Figure  3b>  occurred  along  the  direction  of  the  fiber  axis  by  a  combination  of 
crystallographic  matrix  cracking  and  delamination  of  the  fiber/matrix  Inter¬ 
face.  The  22.5*  ZE41A  specimens#  on  the  other  hand,  failed  across  the  fibers 
at  around  90*  to  the  tensile  axis  In  both  fatigue  and  overload#  Figure  4#  In 
the  same  manner  as  the  axial  specimens. 

The  similarity  In  the  appearance  of  the  fatigue  and  overload  regions  of 
the  0*  and  22.5*  ZE41A  specimens  and  the  0*  CPMg  specimens  made  It  Impossible 
to  determine  the  extent  of  fatigue  cracking.  River  markings  on  the  fracture 
surface  did  Identify  fatigue  crack  Initiation  sites,  however.  In  both  CPMg 
and  ZE41A  fatigue  cracks  Initiated  at  process  defects,  usually  large  clumps  of 
Al^Oj  grains.  These  defects  were  not  Involved  In  Initiation  In  the  22.5*  CPMg 


specimens.  Examination  of  mating  fracture  surfaces  in  CPMg  specimens  indicated 
that  failure  occurred  along  the  defect/matrix  Interface.  Energy  dispersive  X- 
ray  spectra  taken  from  the  mating  surfaces  always  showed  aluminum  (Al^O^)  on 
one  surface  and  primarily  magnesium  on  the  other,  confirming  that  fracture  was 
along  the  interface.  The  mating  fracture  surfaces  In  2E41A  Indicated  that 
failure  occurred  through  the  defect  rather  than  along  Its  Interface.  Thus, 
although  the  Initiation  sites  were  similar  the  failure  modes  of  the  defects 
changed  with  matrix  composition. 

Auger  Spectroscopy 

The  In-sltu  fracture  of  both  CPMg  and  ZE41A  occurred  along  fiber/matrix 
Interfaces,  making  It  possible  to  examine  the  composition  of  both  troughs  and 
fiber  surfaces.  Microscopic  examination  of  the  fiber  surfaces  in  the  Scanning 
Auger  microprobe  indicated  that  the  fibers  In  CPMg,  Figure  5,  were  covered 
with  fine,  almost  continuous  particles  while  the  fibers  In  ZE41A,  Figure  6, 
were  covered  with  coarser  and  more  discrete  particles. 

Spectra  taken  from  a  fiber  trough  and  the  surface  of  a  fiber  In  CPMg  are 
presented  In  Figure  7.  The  spectra  Indicate  the  presence  of  magnesium  and 
oxygen  in  both  the  trough  and  the  fiber  surface.  No  other  elements  were  ob¬ 
served  on  either  the  trough  or  the  fiber  surface.  Comparison  of  the  fine 
structure  of  the  magnesium  peaks  and  the  oxygen  to  magnesium  peak  height 
ratios  with  spectra  taken  from  laboratory  standards  (5)  indicates  that  the 
trough  was  metallic  magnesium  containing  a  small  amount  of  oxygen,  possibly 
from  residual  vacuum  contamination,  and  that  the  fiber  surface  was  an  oxide  of 
magnesium,  most  likely  MgO. 

Spectra  from  a  fiber  trough  and  the  surface  of  a  fiber  In  ZE41A  are  pre¬ 
sented  In  Figure  8.  As  In  the  CPMg,  the  fine  structure  of  the  magnesium 


peaks  and  the  oxygen-to-magneslum  peak  height  ratios  Indicate  that  the  trough 
was  metallic  magnesium  and  the  fiber  surface  was  an  oxide  of  magnesium.  In 
addition  to  the  magnesium  and  oxygen,  small  quantities  of  zinc  and  aluminum 
were  also  present  In  both  locations.  No  evidence  of  the  presence  of  zirconium 
or  rare  earths,  the  other  alloying  elements  In  ZE41A,  was  found  on  either  the 
trough  or  the  fiber  surface.  The  small  carbon  peak  observed  In  the  trough 
spectra  Is  probably  due  to  contamination  rather  than  the  actual  presence  of 
carbon  In  the  specimen.  To  determine  If  either  the  zinc  or  aluminum  were  seg¬ 
regated  at  the  fiber/matrix  Interface  Ion  sputtering  of  the  fracture  surface 
was  performed.  No  decrease  In  the  zinc  or  aluminum  signals  was  observed  during 
sputtering,  rather  a  slight  Increase  was  observed.  Figure  8b.  The  oxygen  peak 
decreased  and  the  carbon  peak,  which  was  believed  to  be  due  to  contamination, 
quickly  disappeared  during  sputtering.  Thus,  the  zinc  and  aluminum  were  not 
segregated  at  the  Interface  but  rather  uniformly  distributed  In  the  area  of  the 
Interface. 

Transmission  Electron  Microscopy 

Confirming  the  Auger  results,  a  thin,  submicron,  reaction  zone  was  ob¬ 
served  in  the  thin  foils  of  both  CPMg,  Figure  9,  and  ZE41A,  Figure  10.  The 
reaction  zone  particles  in  CPMg  were  finer,  0.14  ym  average  diameter  versus 
0.24  ym  average  diameter  In  ZE41A,  and  more  closely  spaced  than  those  In  ZE41A, 
thus  presenting  a  geometrically  smoother  matrix/ reaction  zone  Interface.  In 
addition,  the  reaction  zone  In  CPMg  was  approximately  a  factor  of  two  thinner 
than  the  2  ym  thick  reaction  zone  In  ZE41A.  A  considerable  variation  In  grain 
size  was  also  observed  In  the  Al20g  fibers. 

The  reaction  zone  precipitates  were  Identified  as  MgO  by  mlcrodlf frac¬ 
tion.  Typical  microdiffraction  patterns,  (110)  zone  axis,  are  presented  In 


Figures  9  and  10.  In  both  CPMg  and  ZE41A  the  particles  were  cubic  with  lat¬ 
tice  parameters  of  0.4230  and  0.4210  nm,  respectively.  These  values  are  with¬ 
in  measurement  error  of  the  published  MgO  lattice  parameter  of  0.4213  nm  (6). 

DISCUSSION 

The  properties  of  a  composite  material  are  determined  by  a  combination 
of  the  fiber,  matrix,  and  Interfacial  properties.  In  general,  axial  strength, 
both  static  and  cyclic.  Is  primarily  dependent  on  the  fiber  volume  fraction 
and  the  fiber  strength.  Matrix  strength  plays  only  a  secondary  role.  On  the 
other  hand,  transverse  strength  is  more  heavily  influenced  by  the  matrix  and 
Interfacial  strengths.  At  Intermediate  angles  the  component  controlling  fail¬ 
ure  Is  controlled  by  the  relative  magnitudes  of  the  shear  and  normal  stresses 
that  each  component  experiences  as  well  as  the  Individual  strengths  of  each 
component.  In  general,  matrix  alloy  additions  can  affect  all  three  of  the 
parameters  that  control  composite  behavior,  l.e.,  fiber,  matrix,  and  Inter¬ 
facial  properties. 

Although  the  mlcrostructural  state  of  the  ZE41A  matrix  material  Is  un- 
« 

certain.  It  Is  still  possible  to  discuss.  In  terms  of  upper  and  lower  limits, 
the  effect  of  the  alloy  additions  on  matrix  strength.  In  the  fully  solutlon- 
Ized  condition  substantial  solid  solution  strengthening  would  be  provided  by 
the  zinc.  This  lower  limit  case  would  provide  a  considerable  Improvement  In 
matrix  strength  compared  to  CPMg.  The  zinc  additions  can  also  lead  to 

# 

It  was  not  possible  to  define  the  mlcrostructural  state  because  data  on  the 
cooling  rates  employed  during  casting  were  not  available.  Further,  the  Ion 
milling  procedure  employed  In  foil  preparation  could  heat  the  foils  slightly 
thus  altering  the  matrix  precipitate  morphology. 
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precipitation  hardening  through  the  formation  of  Gulnler-Preston  zones*  MgZn* 
precipitates*  or  MgZn  precipitates  (7,8).  The  formation  of  Mg^Zn^  is  also  •  < 

possible  (9).  The  presence  of  any  of  these  precipitates  would  further 
strengthen  the  matrix.  The  presence  of  zirconium,  which  acts  as  a  grain  re¬ 
finer  in  magnesium  castings,  Is  probably  responsible  for  the  slightly  smaller  •  1 

grain  size  of  the  ZE41A.  However,  since  the  grain  sizes  of  ZE41A  and  CPMg 
were  both  much  larger  than  the  fiber  spacing  it  is  doubtful  that  grain  size 

has  any  significant  bearing  on  mechanical  properties.  One  might  expect,  •  * 

therefore,  that  use  of  ZE41A  rather  than  CPMg  would  result  In  a  matrix  with  a 
higher  yield  strength,  ultimate  tensile  strength,  and  fatigue  resistance. 

Since  ZE41A  has  a  higher  matrix  strength  than  CPMg,  the  lower  axial  ten-  •  ( 

sile  strength  of  the  ZE41A  material  Indicates  that  the  fiber  strength  of  the 
ZE41A  Is  degraded.  Using  the  rule  of  mixtures  and  a  UTS  of  90  MPa  for  the 

CPMg  matrix,  the  resultant  strength  of  the  A^Og  fibers  Is  950  MPa.  A  similar  *  ' 

calculation  for  ZE41A  using  165  MPa  as  the  matrix  strength  (10)  yields  a  fiber 
strength  of  770  MPa.  This  represents  a  19%  reduction  in  fiber  strength. 

Since  the  same  type  of  fiber,  1.e.»  FP  A^Og,  was  used  In  both  materials  and  #  ’ 

the  CPMg  fiber  strength  of  950  MPa  Is  near  the  bottom  of  the  scatter  band  (11), 

It  can  be  concluded  that  the  reduced  fiber  strength  of  ZE41A  Is  due  to  reac¬ 
tion  with  the  matrix  material.  #  1 

The  crossover  of  the  UTS  versus  fiber  orientation  curves  suggests  that 
the  matrix  and/or  Interfacial  strength  of  ZE41A  Is  higher  than  CPMg.  From  the 
earlier  discussion  of  the  effect  of  alloy  additions  on  matrix  strength,  it  is 
obvious  that  the  ZE41A  material  has  a  higher  matrix  strength  than  the  CPMg 
material.  The  change  In  off-axis  fracture  morphology  from  Interfacial  failure 
In  CPMg  to  flat  fracture  across  fibers  in  ZE41A  suggests  that  the  ZE41A  mate¬ 
rial  also  has  a  higher  Interfacial  strength.  The  change  In  the  fracture  mode 


of  the  process  defects  which  act  as  fracture  Initiation  sites  from  Interfacial 
failure  In  CPMg  to  fracture  through  the  defect  In  ZE41A  also  supports  an  In¬ 
creased  Interfacial  strength  In  ZE41A. 

The  reaction  product  was  Identified  as  MgO  in  both  materials  by  micro- 
diffraction.  The  TEM  observations  also  Indicated  that  the  reaction  zone  in 
ZE41A  was  thicker  and  made  up  of  larger  particles  than  In  CPMg.  Thermodynamic 
calculations  Indicate  that  the  formation  of  MgO  from  A^O^  and  Mg  Is  possible 
for  matrix  magnesium  concentrations  exceeding  4  to  8  pet.  (12) »  a  condition 
which  both  CPMg  and  ZE41A  easily  satisfy.  Further,  Levi  et  al  (12)  have  ob¬ 
served  the  formation  of  both  MgO  and  MgA^O^  spinel  on  FP  Al^  fibers  In  con¬ 
tact  with  an  Al-8%  Mg  alloy.  The  formation  of  MgO  has  also  been  observed  in 
Al^Og  scales  on  Al-Mg  alloys  (13).  The  above  results  and  the  findings  of  the 
present  study  disagree  with  an  earlier  Identification  of  the  FP  A1202/ZE41A 
reaction  product  as  MgAl204  (14),  which  was  performed  by  x-ray  analysis  of 
bulk  specimens.  Although  the  presence  of  MgAl204  Is  apparent  from  the  x-ray 
data,  the  use  of  bulk  specimens  In  the  study  precludes  any  identification  of 
Its  location.  Energy  dispersive  x-ray  analysis  profiles  taken  across  the 
fiber/matrix  Interface  (14)  are  also  Inconclusive  as  to  the  nature  of  the  re¬ 
action  product  since  the  spaclal  resolution  of  the  analysis  was  larger  than  the 
0.2  m  reaction  zone  which  Is  present  In  this  material.  The  Auger  results  sup¬ 
port  the  formation  of  MgO  In  the  reaction  zone  and,  further.  Indicate  that 
Interfacial  failure  In  both  materials  occurs  at  the  reaction  zone/matrix  Inter¬ 
face  as  opposed  to  the  reaction  zone/fiber  Interface.  In  addition,  the  lack  of 
any  segregation  at  the  reaction  zone/matrix  Interface  Indicates  that  the  alloy¬ 
ing  elements  In  ZE41A  were  not  directly  responsible  for  the  Increased  Inter¬ 
facial  strength.  Hence,  It  can  be  concluded  that  the  Interfacial  strengthening 
observed  In  ZE41A  Is  due  to  an  increase  In  the  sl^e  of  the  reaction  zone  and/or 
a  change  In  the  size  and  spacing  of  the  MgO  crystals  and  not  any  change  in  the 


chemical  nature  of  the  reaction  zone.  The  Increased  reaction  zone  is  also  con¬ 


sistent  with  the  degradation  in  fiber  strength  observed  In  ZE41A.  A  large 
fraction  of  the  reduced  fiber  strength  is  believed  to  be  due  to  the  development 
of  notches  on  the  fiber  surfaces*  induced  by  uneven  chemical  attack  on  the 
fibers  during  precipitation  and  growth  of  the  MgO  particles*  since  the  actual 
reduction  In  Al^O^  cross  section  brought  about  by  the  formation  of  MgO  accounts 
only  for  a  small  portion  of  the  observed  reduction.  This  explanation  Is  con¬ 
sistent  with  observations  in  other  composite  systems  (15-17). 

The  TEM  and  Auger  results  indicate  that  the  matrix  alloying  elements  are 
not  Incorporated  in  the  reaction  zone  to  any  significant  degree.  Hence,  the 
only  plausible  explanation  for  the  differences  observed  In  the  sizes  of  the 
reaction  zones  between  CPMg  and  ZE41A  would  be  an  inherent  difference  In  pro¬ 
cessing.  Liquldus  temperatures,  liquid  metal  Infiltration  temperatures  and 
cooling  rates  were  similar  for  the  two  alloys  (18,19).  A  major  difference 
exists  In  the  solidification  behavior,  however.  CPMg  should  undergo  nearly 
congruent  solidification  while  ZE41A  experiences  a  large  "mushy"  zone  due  to 
the  120*C  difference  between  Its  liquldus  and  solidus  temperatures  (18).  It 
is  postulated,  therefore,  that  the  larger  reaction  zone  In  ZE41A  results  from 
a  longer  contact  time  with  more  highly  reactive  liquid  matrix.  Experiments  to 
test  this  hypothesis  are  presently  underway. 

To  summarize  the  discussion  to  this  point,  the  matrix  alloy  additions 
result  directly  in  an  Increased  matrix  strength  and  Indirectly  In  an  Increased 
Interfacial  strength  and  a  decreased  fiber  strength.  These  results,  which  are 
consistent  with  the  differences  In  tensile  behavior  between  CPMg  and  ZE41A,  can 
also  be  used  to  explain  the  differences  In  fatigue  behavior  between  the  two 
materials.  Under  axial  loading  the  fibers  bear  most  of  the  load  and  present 
the  primary  barrier  to  fatigue.  Thus  the  reduction  In  fiber  strength  through 
an  Increased  reaction  zone  observed  In  ZE41A  would  be  expected  to  yield  reduced 


fatigue  resistance.  The  lower  Interfaclal  strength  In  CPMg  may  also  contribute 
to  CPMg's  higher  fatigue  resistance  (20). 

For  one  to  understand  the  differences  in  off-axis  fatigue  behavior  be¬ 
tween  CPMg  and  ZE41A  It  Is  necessary  to  consider  both  the  strength  differences 
of  the  Individual  components  and  the  mechanics  Involved  in  off-axis  loading. 

For  loading  at  22.5*  to  the  fiber  matrix,  the  off-axis  orientation  employed  In 
this  study,  a  relatively  high  normal  stress  and  a  relatively  low  shear  stress 
would  exist  in  the  fibers,  while  a  crack  propagating  along  the  fiber  direction 
either  in  the  matrix  or  along  the  Interface  would  experience  a  relatively  low 
normal  stress  and  a  relatively  high  shear  stress  (21).  Considering  this  and 
the  earlier  observation  that  fatigue  crack  propagation  In  CPMg  oriented  at 
22.5*  occurred  by  a  combination  of  crystallographic  cracking  of  the  Mg  matrix 
and  interfaclal  failure.  It  can  be  concluded  that  shear  failure  of  the  matrix- 
interface  combination  is  possible  at  lower  applied  stresses  than  Is  normal 
fracture  of  the  fibers. 

Although  the  ZE41A  matrix  Is  also  susceptible  to  the  same  type  of  crys¬ 
tallographic  cracking  as  the  CPMg  matrix  (9,22),  Its  fatigue  resistance  Is  sub¬ 
stantially  higher.  In  addition,  the  ZE41A  composite  has  a  higher  Interfaclal 
strength,  the  other  component  which  contributed  to  fatigue  crack  propagation  In 
CPMg;  and  a  lower  fiber  strength,  the  component  which  did  not  participate  In 
failure  In  CPMg.  By  Increasing  the  fatigue  resistance  of  the  two  weaker  com¬ 
ponents  and,  at  the  same  time,  decreasing  the  resistance  of  the  strongest  com¬ 
ponent,  a  point  should  be  reached  at  which  a  transition  In  fracture  mode  to 
progressive  fracture  of  fibers  occurs.  This  is  apparently  what  has  taken  place 
In  the  ZE41A  material. 

The  fracture  and  fatigue  behavior  of  ZE41A  at  mlsorlentation  angles 
greater  than  22.5*  can  be  postulated  by  once  again  considering  the  mech¬ 
anics  of  off-axis  loading.  As  the  mlsorlentation  angle  Increases,  the  fibers 


experience  lower  normal  stresses  and  cracks  oriented  along  the  fiber  di rec¬ 
ti  on  »  1.e.»  either  matrix  or  Interfacial  cracks.  experience  higher  normal 
stresses  (21).  Thus  at  some  higher  angle*  a  transition  to  matrix  and/or  in¬ 
terfacial  failure  along  the  fiber  direction  would  be  expected.  Even  so.  the 
ZE41A  material  would  still  be  expected  to  maintain  a  higher  strength  than 
CPMg  due  to  Its  higher  matrix  and  interfacial  strengths.  Hence  the  alloy 
additions  present  In  ZE41A  would  be  expected  to  Increase  the  angle  at  which 
the  transition  In  failure  mode  occurs  and  also  Increase  the  off-axis 
strength . 

CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  results  of  the  present 
investigation. 

(1)  The  alloying  elements  In  ZE41A  result  directly  In  an 
increased  matrix  strength  and  indirectly  in  an  In¬ 
creased  fiber/matrix  interfacial  strength  and  a  de¬ 
creased  fiber  strength  when  compared  to  CPMg. 

(2)  The  Increased  matrix  strength  Is  due  to  solid 
solution  strengthening  and/or  precipitation  hardening. 

(3)  The  Increased  Interfacial  strength  Is  due  to  a  larger 
reaction  zone  and  larger  particles  and  not  to  any 
segregation  to  or  change  In  chemistry  of  the  reaction 
zone.  The  reaction  zone  was  made  up  of  MgO  In  both 
CPMg  and  ZE41A  and  Interfacial  failure  occurred  along 
the  reaction  zone/matrix  Interface.  Segregation  to 
this  Interface  was  not  observed. 


(4)  The  decreased  fiber  strength,  which  was  estimated  to 
be  approximately  2056.  was  the  result  of  the  increased 
reaction  between  the  matrix  and  fibers. 

(5)  The  changes  In  the  component  strengths  for  ZE41A  out¬ 
lined  above  yielded  reduced  axial  and  Increased  off- 
axis  tensile  and  fatigue  properties. 
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TABLE  I 


MECHANICAL  PROPERTIES  OF  55  V/O 
ai2o3  FIBER  REINFORCED  MAGNESIUM 


Specimen 

Matrix  Material 

Orientation#  deg. 

YS,  MPa 

UTS,  W’a 

CP-O-A 

CPMg 

0 

« 

399 

CP-O-B 

CPMg 

0 

321 

567 

CP-22-A 

CPMg 

22.5 

30 

192 

CP-22-B 

CPMg 

22.5 

23 

199 

ZE-O-A 

ZE41A 

0 

- 

488 

ZE-O-B 

ZE41A 

0 

- 

504 

ZE-O-C 

ZE41A 

0 

487 

496 

ZE-O-D 

ZE41A 

0 

406 

406 

ZE-22-A 

ZE41A 

22.5 

393 

ZE-22-B 

ZE41A 

22.5 

- 

379 

ZE-22-C 

ZE41A 

22.5 

325 

406 

ZE-22-D 

ZE41A 

22.5 

325 

388 

*  The  UTS 

of  specimen  CP-O-A 

was  reduced  well  below  typical 

values  by 

the  presence  of  an  unusually  large  process  defect.  This  Is  dis¬ 
cussed  more  fully  In  Part  I. 


E,  GPa 

192 

202 

153 

157 

186 

184 


157 

155 
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Figure  1.  Effect  of  fiber  orientation  on  ultimate  tensile 
strength  for  both  commercially  pure  magnesium 
and  ZE41A  matrix  materials. 
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igure  3.  Scanning  electron  micrographs  of  typical  overload  (a) 
and  fatigue  (b)  failures  in  off-axis  CPMg  specimens. 
Note  that  the  failure  in  overload  occurs  almost  ex¬ 
clusively  along  fiber/matrix  interfaces  while  sub- 
critical  fatigue  crack  growth  occurs  parallel  to  the 
interfaces  but  Drimarily  through  the  matrix. 
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(a) 


(b) 


Figure  8.  Auger  electron  spectra  taken  from  the  fiber  trough  before  (a) 
and  after  (b)  sputtering  and  from  the  fiber  surface  (c)  of  a 
ZE41A  sample  which  was  fractured  in  situ. 
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Figure 


(Continued).  Auger  electron  spectra  taken  from  the  fiber  trough 
before  (a)  and  after  (b)  sputtering  and  from  the 
fiber  surface  (c)  of  a  ZE41A  sample  which  was 
fractured  in  situ. 
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(a) 


Figure  10. 


(b) 


Transmission  electron  micrograph  of  the  fiber/matrix 
reoction  zone  in  ZE41A  (a)  and  a  diffraction  pattern 
taken  from  a  typical  reaction  zone  particle  (110 
Zone)  (b).  The  various  constituents  are  indicated 
by:  MG  (ZE41A  matrix);  RZ  (reaction  zone  product); 
and  FP  (A1 2O3  fiber) . 
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While  studying  the  fracture  behavior  of  fiber-reinforced  composite 
materials  a  number  of  investigators  (1-6)  have  concluded  that  Kc,  the 
critical  stress  intensity  factor,  is  a  material  parameter  and  as  such 
should  be  useful  for  design  purposes.  These  studies  have  also  established 
that,  despite  the  obvious  inhomogeneities,  linear  elastic  fracture  mechan¬ 
ics  can  be  directly  applied  to  orthotropic  composite  materials  if  the 
following  conditions  are  satisfied:  (i)  the  orientation  of  the  flaw  coin¬ 
cides  with  one  of  the  principal  directions  of  elastic  symmetry;  and  (ii) 
crack  advance  occurs  in  a  self-similar  manner  (5,6).  To  be  a  successful 
design  parameters,  however,  «c,  as  calculated  by  linear  elastic  fracture 
mechanics,  LEFM,  techniques,  must  be  geometry  independent.  Although  «c  has 
been  shown  to  be  independent  of  crack  length  in  metal  matrix  composites 
(1-3),  Barnby  and  Spencer  (7)  have  shown  that  compliance  solutions  derived 
for  an  elastic  continuum  may  not  adequately  predict  the  compliance  depen¬ 
dence  on  crack  length  in  fiber-reinforced  polymers.  The  latter  result 
raises  questions  about  the  geometry  independence  of  Kc  when  applied  to 
orthotropic  materials.  In  this  study,  the  off-axis  fracture  behavior  of  a 
unidirectional  A^Oj  fiber-reinforced  magnesium  composite  was  investigated. 
As  will  be  discussed  later,  overload  fracture  of  these  composites  is  pre¬ 
dominantly  along  fiber-matrix  interfaces.  Such  a  fracture  path  satisfies 
both  the  elastic  symmetry  and  the  similitude  requirements.  LEFM  solutions 
were  thus  utilized  to  calculate  stress  intensity  factors  for  a  variety  of 
measured  crack  geometries  and  orientations. 

The  A1 2O3  fiber-reinforced  magnesium  specimens  were  produced  by  E.  I. 
duPont  de  Nemours  and  Co.  with  continuous  unidirectional  Al^O^  fibers  of 
20  pm  average  diameter  in  a  commercially  pure  magnesium  matrix.  Fiber 
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contents  of  35  and  55  v/o  were  included  in  the  test  matrix.  Rectangular 
samples,  1.27  cm  x  0.25  cm  x  15.2  cm  long,  were  machined  with  the  fibers 
lying  in  the  plane  of  the  0.25  cm  x  15.2  cm  face  and  oriented  at  22.5,  45, 
and  90°  to  the  tensile  axis. 

Fatigue  tests  were  performed  to  failure  at  a  frequency  of  10  Hz,  an 
R-ratio  of  0.1,  and  a  series  of  maximum  stresses  ranging  from  50  MPa  to 
200  MPa.  Failure  occurred  along  the  fiber  direction  in  both  the  fatigue 
and  overload  regions.  Overload  failure  was  primarily  along  fiber-matrix 
interfaces.  Figure  la,  while  fatigue  cracking  was  primarily  through  the 
magnesium  matrix.  Fiber  lb.  Because  of  this  change  in  fracture  morphology 
it  was  possible  to  determine  the  dimensions  of  the  fatigue  crack  at  the 
time  of  failure. 

Figure  2  illustrates  the  configuration  of  the  cracked  composite 

specimens  subjected  to  a  remotely  applied  tensile  stress,  a.  The  crack  is 

aligned  parallel  to  the  reinforcing  fibers  but  both  the  crack  and  the  fibers 

are  inclined  at  an  angle,  0,  to  the  stress  axis.  The  normal  stress,  a  ,y/ , 

and  the  shear  stress,  a  ,  , ,  acting  on  the  crack  plane  are  given  as: 

x  y 

2 

O  ,  '  =asin  9 

[1] 

and  t  ,  ,  =  0  sin  ®  cos  9 

x  y 

The  cracked  composite  is  therefore  subjected  to  either  Mode  I  (in-plane 
opening)  or  mixed  Mode  I  and  Mode  III  (out-of-plane  sliding)  loadings.  For 
unidirectional  composites  the  stress  intensity  factors  associated  with  the 
combined  normal  and  shear  stresses  are  (8): 


where  Si  and  63  are  the  geometry  correction  factors  for  Mode  I  and  Mode  III 
cracks,  respectively,  and  a  is  the  crack  length  measured  in  the  plane  of  the 
crack. 

The  crack  geometries  observed  in  the  composite  tended  to  have  complex 
shapes.  Quite  a  few  of  them  were,  however,  of  well-defined  fracture  mechan¬ 
ics  geometries.  These  include  single  and  double  edge  cracks,  corner  cracks, 
and  eccentric  center  cracks.  Figure  3  summarizes  these  crack  geometries 
(Figure  3a-d)  and  gives  examples  of  some  of  the  irregularly  shaped  cracks 
also  observed  in  the  composite  (Figure  3e-f).  For  the  edge  cracks  and  the 
eccentric  center  crack,  B-j  corresponds  to  the  finite-width  correction  fac¬ 
tor  and  was  obtained  from  references  9  and  10,  respectively.  B-j  for  the 
corner  crack  was  obtained  from  reference  11  and  it  includes  the  front  face, 
back  face,  finite-width,  and  flaw  shape  correction  factors.  The  values  for 
63  are  obtained  from  reference  12;  the  same  finite-width  correction  factors 
are  applicable  for  Mode  III  loadings  of  single  edge,  double  edge  and  center 
cracks.  In  the  case  of  corner  cracks,  the  B-j  used  in  computing  the  Mode  I 
stress  intensity  was  also  used  to  compute  the  Mode  III  stress  intensity. 

For  computational  purposes,  the  irregularly  shaped  cracks  were 
idealized  as  either  edge  cracks  or  eccentric  center  cracks,  as  illustrated 
in  Figure  3e  and  f.  The  lengths  of  the  "equivalent"  through-thickness 
cracks  were  computed  from  the  actual  cracked  area,  A^,on  the  basis  of 
equality  of  areas  between  the  through- thickness  and  the  actual  irregularly 
shaped  cracks.  Using  this  equivalent  cracked  area  method,  the  length  of 
the  equivalent  through-thickness  crack  was  computed  from  A^  as: 
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ag  =  ~y~  for  an  edge  crack 

[3] 

ApR 

and  a  =  -xr-  for  a  center  crack 

e  2t 

After  obtaining  ag.  the  geometry  correction  factor  and  the  stress  intensity 
factor  were  calculated  using  the  procedures  described  earlier.  A  summary 
of  the  fracture  stress,  crack  lengths,  geometry  correction  factors  and  the 
computed  stress  intensity  factors  is  shown  in  Table  I. 

The  values  of  Kjc  and  Kjjj  at  which  unstable  fracture  occurred  were 
computed  by  substituting  the  maximum  applied  stress  into  Eq.  [2].  As  the 
crack  path  is  predominantly  along  fiber-matrix  interfaces,  the  calculated 
Kjc  and  KjjIc  represent  the  critical  Mode  I  and  Mode  III  stress  intensities 
on  the  fiber-matrix  interface  and  are  thus  reasonable  measures  of  the 
resistance  of  the  interface  against  normal  and  shear  stress  fracture, 
respectively.  The  effective  stress  intensity  associated  with  the  mixed¬ 
mode  fracture  was  obtained  by  summing  the  Mode  I  and  Mode  III  strain  energy 
release  rate  components.  For  orthotropic  materials  with  transverse 
isotropy  (13) 


where  yL  and  Ey  are  the  shear  and  Young's  elastic  moduli  in  the  longitudinal 
and  transverse  directions,  respectively,  and  G  is  the  total  strain  energy 


iA* 


release  rate. 
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Figures 4a  and  4b  illustrate  that  both  the  Kjc  and  K  ^  values  are 
slightly  dependent  on  the  crack  angle.  Thus,  it  is  concluded  that  off-axis 
fracture  of  the  composites  does  not  obey  a  critical  Kjc  or  criterion. 
The  relative  role  of  normal  stress  and  shear  stress  in  the  fracture  of 
fiber-matrix  interfaces  is  illustrated  in  Figure  5  which  indicates  that 
both  the  Kj  and  Kjjj  components  are  important.  For  mixed  Mode  I  and  III 
loading  the  fracture  criterion  can  be  generalized  as  (5,6) 


'Ic 


*111 

4iic 


=  i 


[5] 


where  Kjc  and  K.jjc  are  the  critical  stress  intensity  factors  for  pure 
Mode  I  and  Mode  III  fracture,  respectively.  In  an  isotropic  material,  m 
and  n  are  both  two.  Failure  of  orthotropic  materials  has  been  found  to 
obey  Eq.  [5]  with  m  =  n  =  2  (5,14)  or  in  -  1  and  n  =  2  (4,6).  From  Figure  5, 
Kjc  is  approximately  4.5  MPa and  the  KjIIc  value  appears  to  be  similar  to 
the  Kj  .  Using  Kjjjc  =  5  MPa^  and  m  =  n  =  2,  Eq.  [5]  has  been  found  to  fit 
the  experimental  data  adequately,  as  illustrated  in  Figure  5.  In  contrast, 
a  critical  strain  energy  release  rate  criterion  (computed  from  Eq.  [4]) 
underestimates  the  Kc  values  of  the  composites  (see  Figure  5). 

In  summary,  the  results  indicate  that  the  off-axis  fracture  of  Al^O^ 
fiber-reinforced  commercially  pure  magnesium  appears  to  be  controlled  by 
both  the  normal  and  shear  stress  components  acting  on  the  fiber-matrix 
interface.  In  addition,  similar  Kjc  and  KI I  Ic  values  were  determined  for 
a  variety  of  crack  geometries,  indicating  that  Kc  is  indeed  geometry  in¬ 
dependent  for  the  case  of  interfacial  delamination  at  fairly  low  stresses. 

Thus  K  should  be  effective  both  as  a  design  parameter  and  as  an  indicator 
c 
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of  relative  interfacial  strengths,  provided  that  the  different  modes  of 
cracking  are  taken  into  account  and  the  basic  fracture  mechanics  assumption 
of  similitude  is  not  violated. 
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TABLE  I 


A  SUMMARY  OF  FRACTURE  MECHANICS  DATA  OF  A1 2O3  FIBER-REINFORCED 
Mg  COMPOSITE  INCLUDING  CRACK  GEOMETRY,  CRACK  LENGTH,  GEOMETRY 
CORRECTION  FACTORS,  FRACTURE  STRESS  (a),  AND  THE  CRITICAL  STRESS 

INTENSITY  FACTORS 


Specimen 

Crack 

Geometry 

Crack 

Length,  mm 

Geometry 

Correction 

Factors 

a, 

MPa 

KIc’ 

MPar^n 

KIIIc’ 

MPav/fn 

81 

63 

55*-22**-Fl 

b 

2.48 

1.14 

1 .07 

138 

1.95 

4.52 

55-22-F3 

b 

2.66 

1.14 

1 .08 

131 

1 .92 

4.33 

55-22-F4 

a 

2.18 

1.31 

1.05 

145 

2.20 

3.96 

55-22-F5 

a 

2.69 

1.40 

1.09 

159 

2.86 

5.52 

55-22-F8 

c 

1 . 

.65/2. 42+ 

.70 

1 .03 

255 

2.22 

4.49 

55-22-F9 

c 

1. 

.65/1 .69+ 

.72 

1 .03 

241 

2.13 

4.33 

55-45-F2 

a 

1  .70 

1.24 

1.03 

97 

4.36 

3.63 

55-45-F3 

a 

2.18 

1.31 

1 .05 

95 

4.30 

3.44 

55-45-F4 

a 

2.30 

1.34 

1 .06 

100 

5.69 

4.50 

55-45-F5 

d 

1.80 

1.16 

1 .04 

100 

4.36 

3.91 

55-90-F1 

c 

1 

,45/2.42+ 

.85 

-- 

62 

3.60 

-- 

55-90-F2 

a 

1.03 

1.16 

64 

4.20 

-- 

55-90-F3 

a 

0.85 

1.15 

64 

3.82 

-- 

55-90-F4 

a 

1  .57 

1 .22 

-- 

63 

5.44 

-- 

55-90-F5 

d 

1 .27 

1.17 

-- 

61 

4.48 

35-22- FI 

a 

1 .81 

1.25 

1.04 

145 

1  .92 

3.95 

35-22-F3 

a 

1 .57 

1 .22 

1 .03 

172 

1.70 

4.20 

35-22-F4 

a 

1 .69 

1 .23 

1  .03 

152 

1 .91 

4.73 

35-22-F5 

a 

2.30 

1.33 

1 .06 

169 

2.67 

5.29 

35-45-F2 

d 

1.51 

1.10 

1 .02 

71 

2.68 

2.49 

35-45-F3 

a 

2.18 

1.31 

1 .05 

79 

4.30 

3.44 

35-45-F4 

b 

2.06 

1.14 

1  .05 

73 

3.35 

3.08 

35-45-F5 

a 

2.48 

1.36 

1.07 

72 

4.31 

3.39 

35-90- FI 

d 

0.65 

1.00 

-- 

83 

3.74 

-- 

35-90-F2 

a 

0.97 

1.16 

— 

76 

4.85 

-- 

35-90-F3 

d 

1  .12 

1  .04 

-- 

69 

4.26 

-- 

35-90-F4 

a 

2.18 

1.31 

-- 

64 

6.91 

-- 

35-90-F5 

d 

0.94 

1.10 

62 

3.70 

★ 

Volume  fraction  of  fiber 

•Kve 

The  angle  9 

(in  degree)  between  the  crack 

and  the 

applied  stress  0. 

+Crack  depth. 


a  =  edge  crack, 
b  =  double  edge  crack, 
c  =  corner  crack, 
d  =  eccentric  center  crack. 
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Figure  5. 


Typical  fracture  morphology  of  off-axis  specimens  in 
overload  failure  (a)  and  fatigue  failure  (b). 

Schematic  of  off-axis  specimen  indicating  both  the 
crack  and  the  fibers  make  an  angle  9  with  the  applied 
stress  a.  The  coordinate  system  of  the  mixed  Mode  I 
and  III  crack  is  indicated  by  the  x'-y'  axes. 

Crack  geometries  observed  in  the  composite  specimens. 
Kr  and  K  ^  versus  crack  angle  for  both  35  and  55 
volume  percent  fiber. 

Calculated  Mode  I  stress  intensity  factor,  Kj,  versus 

calculated  Mode  III  stress  intensity  factor,  Kjjj,  for 

both  35  and  55  volume  percent  fiber.  Solid  line  is 

for  Kt  =  4.5  MPavin  and  KTTT(_  =  5  MPa/m. 
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Figure  2.  Schematic  of  off-axis  specimen  indicating  both  the  crack  and 
the  fibers  make  an  angle  9  with  the  applied  stress  a.  The 
coordinate  system  of  the  mixed  Mode  I  and  III  crack  is  indi¬ 
cated  by  the  x'-y'  axes. 
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(e)  Irregularly  Shaped  Crack  Idealized  as  Edge  Crack 


(f)  Irregular  Eccentric  Surface  Crack  Idealized  as 
Eccentric  Center-Crack 

Figure  3.  Crack  geometries  observed  in  the  composite  specimens. 
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Figure  4.  K]c  and  Keff  versus  crack  angle  for 
both  35  and  55  volume  percent  fiber. 
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Figure  5.  Calculated  Mode  I  stress  intensity  factor,  Kj ,  versus  calculated 
Mode  III  stress  intensity  factor,  Km,  for  both  35  and  55  vol¬ 
ume  percent  fiber.  Solid  line  is  for  Kjc  =  4.5  MPa/m  and  Kmc 
5  MPav'rri. 
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THE  INFLUENCE  OF  THERMAL  EXPOSURE  ON  INTERFACIAL 
REACTIONS  AND  STRENGTH  IN  ALUMINUM  OXIDE  FIBER 
REINFORCED  MAGNESIUM  ALLOY  COMPOSITES 

by 

J.  E.  Hack,  R.  A.  Page  and  R.  Sherman 

Southwest  Research  Institute 
Department  of  Materials  Sciences 
San  Antonio,  TX  78284 

Matrix  composition  and  heat  treatment  have  been  shown  to  influence 
off-axis  properties  in  a  number  of  metal-matrix  composite  systems  (1,2). 
Recent  studies  of  the  fatigue  and  tensile  behavior  of  unidirectional  AI2O3 
fiber  reinforced  composites  with  either  a  commercially  pure  magnesium 
(C.P.)  or  a  ZE41A  magnesium  alloy  (Mg-4.25Zn-0.5Zr-l.25RE)  matrix  revealed 
a  dramatic  shift  in  failure  mode  with  a  change  in  matrix  composition  (3,4). 
In  the  C.P.  matrix  material,  it  was  found  that  off-axis  fatigue  and  tensile 
properties  were  suppressed  due  to  a  combination  of  a  low  fiber/matrix  inter¬ 
facial  strength  and  a  soft  matrix.  The  drastic  drop  in  fatigue  and  tensile 
properties  with  increasing  angle  between  the  fibers  and  the  stress  axis  was 
found  to  correspond  with  a  change  in  failure  mode  from  flat  fracture  across 
the  fibers  under  axial  loading  conditions  to  interfacial  and/or  matrix 
failure  along  the  fiber  orientation  for  off-axis  loading  in  all  the  orien¬ 
tations  studied  (3).  The  ZE41A  composites,  on  the  other  hand,  failed  across 
the  fibers  in  both  axial  and  off-axis  fatigue  and  tensile  tests  when  the 
angle  of  misorientation  between  the  stress  axis  and  the  fibers  was  less  than 
45°  (4,5). 

The  difference  in  off-axis  failure  mode  between  the  two  materials 
was  attributed  to  increases  in  interfacial  and  matrix  strengths  with  a 
subsequent  decrease  in  fiber  strength  in  the  ZE41A  matrix  composite.  It 


was  also  found  that  the  alloying  elements  in  ZE41A  did  not  directly  con¬ 
tribute  to  the  improved  interfacial  strength.  Interfacial  reaction  zone 
particles  were  identified  by  electron  diffraction  as  MgO  in  both  composites. 
Also,  no  segregation  of  impurity  or  alloying  elements  to  the  fiber/matrix 
interface  region  was  observed  with  Auger  Electron  Spectroscopy  (AES).  The 
only  difference  observed  between  the  interfacial  reaction  zones  was  that 
the  MgO  particles  in  the  ZE41A  matrix  material  were  consistently  about 
twice  as  large  as  those  found  in  the  C.P.  matrix  composites  (4).  Based  on 
these  results,  it  was  felt  that  the  difference  in  reaction  zone  size  (and, 
therefore,  mechanical  properties)  was  due  to  inherent  differences  in 
processing. 

Liquidus  temperatures,  liquid  metal  infiltration  temperatures  and 
cooling  rates  were  found  to  be  similar  for  the  two  materials  (6,7).  How¬ 
ever,  the  manner  in  which  the  two  matrix  alloys  solidify  differs  signifi¬ 
cantly.  C.P.  Mg  should  undergo  nearly  congruent  solidification  while  ZE41A 
passes  through  a  large  "mushy  zone"  which  arises  from  the  120°C  difference 
between  its  liquidus  and  solidus  temperatures  (7).  It  was  postulated  that 
the  larger  reaction  zone  in  ZE41A  results  from  a  longer  contact  time  with 
the  highly  reactive  liquid  matrix. 

In  order  to  test  this  hypothesis,  samples  of  C.P.  matrix  composites 
were  heat  treated  above  the  melting  point  of  the  matrix  (650°C)  in  an  argon 
environment  for  various  time  and  temperature  combinations.  Table  I  gives 
the  details  of  the  thermal  exposures.  The  specimens  were  then  fractured 
parallel  to  the  fiber  direction  in-situ  in  a  scanning  Auger  microprobe 
(SAM).  Both  fractography  and  AES  analyses  of  exposed  interfaces  were  per¬ 
formed  in  the  SAM.  In  addition,  thin  foils  were  prepared  oy  ion  milling 
for  examination  by  transmission  electron  microscopy. 


TABLE  I 


THERMAL  EXPOSURE  PARAMETERS 


Exposure  Temperature 


Exposure  Time 


675°C 

15 

min 

725°C 

15 

min 

725°C 

30 

min 

Low  and  high  magnification  fractographs  of  the  as-received  specimen 
(AR)  and  the  specimen  exposed  at  725°C  for  15  minutes  (TE2)  are  presented 
in  Figure  1.  It  can  be  seen  from  the  fractographs  that  the  fracture  path 
in  specimen  AR  was  almost  exclusively  through  the  Mg/MgO  interface,  as  dis¬ 
cussed  previously  (4).  The  fracture  surface  in  specimen  TE2,  however, 
showed  a  considerable  amount  of  matrix  failure.  In  particular,  the  high 
magnification  views  of  the  fiber  surfaces  (Figures  lb  and  Id)  revealed 
virtually  no  metal  adhering  to  the  fiber  in  specimen  AR  while  dimpled  rup¬ 
ture  of  Mg  is  visible  on  the  exposed  fiber  surface  in  sample  TE2.  The 
amount  of  matrix  failure  observed  generally  increased  with  exposure  time 
and  temperature.  These  observations  were  corroborated  by  the  AES  data 
given  in  Figure  2.  The  fine  structure  of  the  magnesium  peaks  taken  from 
a  fiber  trough  (Figure  2a)  and  a  fiber  surface  (Figure  2b)  in  as-received 
material  are  typical  of  metallic  magnesium  and  MgO,  respectively  (8). 

Thus,  failure  in  specimen  AR  occurred  along  the  matrix/reaction  zone  inter¬ 
face  with  very  little  of  the  metallic  matrix  adhering  to  the  reaction  zone. 
As  the  degree  of  thermal  exposure  was  increased,  however,  magnesium  peaks 
in  spectra  taken  from  exposed  fiber  surfaces  showed  a  gradual  transition 
toward  a  fine  structure  typical  of  metallic  magnesium  (Figures  2c-e). 

This  indicates  a  trend  toward  a  greater  amount  of  metallic  Mg  adhering  to 
the  MgO  particles  in  the  reaction  zone  as  the  reaction  is  allowed  to  proceed 
for  a  longer  time.  In  other  words,  the  fracture  path  was  shifted  from  the 
Mg/MgO  interface  out  into  the  matrix  as  the  degree  of  thermal  exposure  in¬ 


creased. 


Figure  3  contrasts  the  MgO  particle  sizes  observed  in  specimens  AR 
(Figure  3a)  and  TE2  (Figures  3b  and  3c).  These  TEM  micrographs  clearly 
show  an  increase  in  MgO  particle  size*  from  an  average  of  0.14  am  in  the 
as-received  material  to  approximately  0.28  ym  for  specimen  TE2.  Combined 
with  the  fractography  and  AES  results,  these  data,  as  wall  as  the  results 
reported  in  references  (3)  and  (4),  generally  point  to  an  increase  in 
interfacial  strength  due  to  growth  of  the  MgO  reaction  zone  particles. 

Thus,  it  appears  that  off-axis  properties  in  A1 2O3  fiber  reinforced 
Mg  are  controlled  by  reaction  zone  thickness  alone.  Alloying  elements  which 
merely  provide  a  lengthened  liquid  metal  contact  time  by  modification  of 
the  solidification  behavior  apparently  do  not  directly  affect  the  inter¬ 
facial  strength.  Therefore,  it  may  be  possible  to  eliminate  the  need  for 
such  alloying  elements  by  judicious  process  control  during  liquid  metal 
infiltration.  Experiments  are  planned  to  test  this  hypothesis  by  evaluating 
the  influence  of  MgO  particle  size  on  the  mechanical  properties  of  C.P. 
matrix  composites.  It  should  be  noted,  however,  that  increases  in  inter¬ 
facial  strength  induced  by  increased  fiber/matrix  reaction  are  generally 
accompanied  by  a  decrease  in  fiber  and,  subsequently,  composite  axial 
properties.  Eventually,  alloying  additions  which  are  expected  to  directly 
modify  reaction  zone  composition  and  structure  may  be  a  more  attractive 
avenue  to  explore  for  improved  composite  properties. 

★ 

The  Riecke  (9)  microdiffraction  technique  was  used  to  identify  tne 
reaction  zone  particles  as  MgO  in  both  materials. 
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9. 


FIGURE  CAPTIONS 


Figure  1.  Fractography  of  selected  AlgOj  fiber  reinforced  C.P.  Mg 
composite  fracture  in  situ  in  the  SAM. 

(a)  Overall  fracture  surface  of  as-received  material. 

(b)  Fiber  surface  in  as-received  material. 

(c)  Overall  fracture  surface  material  held  at  725°C 
for  15  minutes. 

(d)  Fiber  surface  in  material  held  at  725°C  for 
15  minutes. 

Figure  2.  Expanded  view  of  Mg  peak  in  Auger  electron  spectra  of 
fracture  surfaces  for  all  materials  studied. 

(a)  Trough  in  as-received  material. 

(b)  Fiber  surface  in  as-received  material. 

(c)  Fiber  surface  in  material  held  at  675°C 
for  15  minutes. 

(d)  Fiber  surface  in  material  held  at  725°C 
for  15  minutes. 

(e)  Fiber  surface  in  material  held  at  725°C 
for  30  minutes. 

Figure  3.  Transmission  electron  micrographs  of  fiber/matrix  Interfacial 
region  in  selected  materials.  The  various  constituents  are 
indicated  by:  MG  (C.P.  Mg  matrix);  RZ  (Reaction  Zone  product); 
and  FP  ( A1 ^0^  fiber). 

(a)  As-received  material. 

(b)  Material  held  at  725°C  for  15  minutes. 

(c)  Material  held  at  725°C  for  15  minutes. 


(c)  Overall  fracture  surface  of  material 
held  at  725°C  for  15  minutes. 


(d)  Fiber  surface  in  material  held  at 
725°C  for  15  minutes. 


Figure  1  (continued).  Fractography  of  selected  A1 2O3  fiber 

reinforced  C.P.  Mg  composite  fracture 
in  situ  in  the  SAM. 
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(a)  Trough  in  as-received  material. 
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(b)  Fiber  surface  in  as-received  material. 


Figure  2.  Expanded  view  of  Mg  peak  In  Auger  electron  spectra 
of  fracture  surfaces  for  all  materials  studied. 
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(d)  Fiber  surface  In  material  held 
at  725 °C  for  15  minutes. 


Figure  2  (continued).  Expanded  view  of  Mg  peak  In  Auger  electron  spectra 

of  fracture  surfaces  for  all  materials  studied. 
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(e)  Fiber  surface  in  material  held 
at  725°C  for  30  minutes. 


Figure  2  (continued).  Expanded  view  of  Mg  peak  in  Auger  electron  spectra 

of  fracture  surfaces  for  all  materials  studied. 
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